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 Catalysts are an essential component in the chemical industry converting raw materials 
into essential products. Transition metal catalysts, more specifically titanosilicates, are effective 
in the selective oxidation of olefins producing monomers and chemical intermediates used in 
many industrial applications. A major challenge in the catalysis community is developing 
synthetic methodologies that produce robust heterogeneous catalysts with isolated, single type of 
active sites with targeted connectivities to the support matrix. 
 The Barnes’ research group has developed a building block synthetic methodology that 
produces a single-site heterogeneous catalyst. This methodology uses a molecular building block 
and titanium (IV) precursors to create site isolated, atomically dispersed titanium actives sites 
with identical connectivities to a porous silicate matrix. The primary focus of this family of 
catalysts has been synthesizing mononuclear titanium (IV) active sites supported within a silicate 
matrix. The goals of this dissertation aim at extending the building block methodology to 
synthesizing and characterizing a trinuclear titanosilicate single-site heterogeneous catalyst with 
targeted connectivities to the support matrix. 
The highly active trinuclear catalysts synthesized in this work have a Ti3O2 core 
containing bridging carboxylate and oxo ligands between titanium centers with a well-defined 
number of connections to the silica building block matrix. Characterization techniques 
determined the connectivity of the active site to the silicate matrix as well as the surface area and 
porosity of the resulting materials. Gravimetric analysis, 1HNMR, and infrared spectroscopy 
were used as frontline techniques to determine the initial connectivity of the active site to the 
support. XAS and DRUV conclusively showed that the titanium atoms in the Ti3O2-core contain 
higher coordination geometries (5- and 6-coordinate centers), with EXAFS results clearly 
supporting the existence of a single type of Ti3O2-core. 
Catalytic test reactions involving the selective oxidation of cyclohexene to cyclohexene 
oxide was extensively studied. The catalysts synthesized in this work exhibit excellent activity 
and selectivity to the targeted product and are better than several leading candidates described in 
the literature. Furthermore, these Ti3O2-based titanosilicates possess a superior chemical 
robustness capable of turn-over numbers exceeding 7500 with turn-over frequencies ~95 min-1, 
with respect to oxide formation. 
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Chapter 1: Introduction to Catalysis 
1.1 What is catalysis? – The initial discovery 
The Greek meanings of the term “catalysis” is: “down” and “loosen”[5].  Although not 
recognized as such in antiquity, industrial catalysis has been exercised on chemical processes 
such as fermentation and the production of sulfuric acid dating back thousands of years. In the 
early 19th century, chemists observed that some chemical reactions were facilitated by substances 
that remained unchanged during the chemical transformation. It wasn’t until 1834, when 
Mitscherlich described the formation of an ether from an alcohol by the action of sulphuric acid 
that he subsequently termed this process a chemical action by contact.  In 1835, Mitscherlich’s 
mentor, Jӧn Jacob Berzelius, noted that his student’s revelation and other similar processes had a 
common denominator: these processes are not spontaneous and will not form on their own but 
these reactions proceed after the addition of a certain substance which is not consumed.  
Berzelius termed this process catalysis, and the active substance initiating the reaction the 
catalyst with the fundamental motivation termed catalytic force.  He defines catalytic force as “ 
… the ability of substances to arouse the affinities dormant at this temperature by their mere 
presence and not by their affinity and so as a result in a compound substance the elements 
become arranged in another way such that a greater electrochemical neutralization is brought 
about.” 
 These early “catalytic” definitions were implemented before the scientific notion of 
“chemical reactivity” was developed. It wasn’t until the late 19th century when Van‘t Hoff ‘s 
theory of chemical equilibria shed some light on the cause of the underlying phenomena 
Berzelius termed catalytic force. At the beginning of the 20th century the framework for catalyst 
development had flourished beginning with the Haber process that converts mixtures of nitrogen 
and hydrogen gas to produce ammonia over finely divided iron. In 2020, catalysts are the hidden 
backbone in chemical technologies that greatly benefit society from processing petroleum and 
coal into liquid fuels to factories dependent on catalysts for the production of necessities ranging 
from plastics to drugs. 
1.2 What is a catalyst? – Modern Definitions 
A catalyst is a substance that facilitates the rate of reaction while not being consumed in 
the process. Catalysts lower activation energies of a chemical reaction and increase the reaction 
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rate without affecting the overall thermodynamic equilibrium between initial and final species, 
Figure 1. Theoretically, efficient catalysts are capable of performing limitless catalytic cycles 
over and over but, realistically, over time undesirable chemical change often occurs with the 
catalyst rendering it less active or deactivated. Considering the role catalysts play in chemical 
reactions and their ability to perform many reactions continuously, only a small amount of a 
catalyst is often needed relative to substrate amounts.  
Catalysts may be divided into two main categories: homogeneous and heterogeneous. 
The foremost distinction between these two types of catalysts is the phases in which the catalyst 
and substrate exist during catalysis. Homogeneous catalysts are in the same phase as the 
substrate and products whereas heterogeneous catalysts are in a different phase than the substrate 
and products. The following section will describe the differences in these two types of catalysts 




Figure 1:  Reaction coordinate diagram. 
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1.3 Different types of catalysts 




1.3.1 Homogeneous Catalysts 
Homogeneous catalysts are typically dissolved in a solution with a liquid substrate 
reacting with the catalyst. Homogeneous catalysis is usually performed at low temperatures, 0 – 
150 ℃, as the solvents used to dissolve a catalyst limit reaction temperatures. Reactions 
operating in the same phase allows for a high diffusivity and enhanced heat transfer with proper 
stirring.  One major pitfall when using homogeneous catalysts is the difficulty in separating the 
catalyst from the reactants or products as all species are in the same phase. There are some 
separation techniques available for this problematic issue, but they can be extremely expensive 
and not practical for industrial processes. Another major pitfall of homogeneous catalysis is their 
tendency to deactivate when two catalytic species meet one another in solution. Such species, by 
their very nature, are extremely reactive and tend to react with one another forming new species, 
which are frequently inactive as will be described.  Heterogeneous catalysts ideally do not share 
this problem. 
Homogeneous catalysts are typically small molecules that are identical in chemical 
makeup and have identical active centers allowing for high activity and selectivity during 
reactions. The selectivity of homogeneous catalysts may be tailored to a much higher degree than 
heterogeneous catalysts due to the ease of fine-tuning of the steric and electronic properties of 
the ancillary ligands. Finally, homogeneous catalysts are generally better characterized than their 
 Homogeneous Heterogeneous 
Phase Liquid/gas Solid/gas 
Temperature Mild Frequently high 
Diffusivity High Can be important 
Heat transfer Easy Can be an issue 
Product separation Difficult Easy 
Catalyst recyclability Expensive Simple 
Reaction mechanisms Frequently well understood Poorly understood 
Activity Moderate High 
Selectivity High Low 
Characterization Well-defined Poorly defined 
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heterogeneous counterparts allowing for a better understanding of the structure of catalytic sites 
as well as the catalysis reactions they perform. 
1.3.2 Heterogeneous Catalysts 
Heterogeneous catalysts are typically solids with either a liquid or a gaseous substrate.  
This type of catalyst is generally more chemically robust with higher thermal stability than 
homogeneous catalysts allowing for a broader range of reaction temperatures (up to 1000 ℃).  
The higher reaction temperatures increase catalytic activity by way of higher reaction rates, 
however during catalysis, the different heat capacities of the catalyst and substrate can be 
problematic with regard to heat transfer. In addition to catalyst stability, heterogeneous catalysts 
with high surface area typically possess high diffusivity; diffusivity of reactants to and products 
from the catalyst site requires control over the porosity of the material. A major attribute of 
heterogeneous catalysts is the ease of separation of catalyst and products as well as recyclability 
of the catalyst leading to lower processing costs sought by industry.  
Heterogeneous catalysts however are frequently not well understood for several reasons. 
First, it is harder to characterize heterogenous catalysts as some of the tools used in 
homogeneous work are not available in heterogeneous catalysis, and second, they often do not 
contain identical catalytic sites. Characterization of heterogeneous catalysts is difficult as a 
combination of spectroscopic techniques is often necessary to define the catalyst material and 
catalytic active site. The catalytic active site is an ensemble consisting of an atom or group of 
atoms that populate the surface of a catalyst. This term “ensemble” will be discussed in more 
detail in Chapter 2. Many of these catalysts possess multiple catalytic sites that can lower the 
activity and selectivity of catalysis reactions making it more difficult to determine a reaction 
mechanism.  
As will be described in more detail in this thesis, an important and longstanding 
challenge in catalysis science is the lack of synthetic strategies that can target and produce 
single-site heterogeneous catalysts.  This single property (single-site) is central to the efficient 
and selective production of a desired product in all catalytic reactions and is a central point in the 
work presented here. Below is a list of several properties of a single-site heterogeneous catalyst: 
1. Nuclearity is identical 
2. Ligands between active site ensembles are the same 
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3. Connectivity to the support surface is identical 
4. Number of terminating ligands are identical 
5. Beyond the site, within the overall bulk material, every site isolated from all other 
sites but as high a site density as possible is achieved 
6. Mass diffusion steps must be fast 
7. High surface area 
8. Uniformly dispersed; site isolated 
When the above criteria are satisfied then we can say that we have a single-site heterogeneous 
catalyst. This thesis will present an approach to making single site heterogeneous catalysts and 
here is an overview of the strategy. 
1.4 Dissertation Overview 
The work described in this dissertation is a culmination of research performed during the 
last five years which demonstrates a general methodology for the synthesis of an isolated, 
polynuclear single-site titanosilicate catalyst with mesoporosity which is highly active in the 
selective oxidation of olefins. Specifically, a strategy was developed to construct materials that 
involved control at the atomic scale (active site) and the bulk (surface area, porosity) properties 
during synthesis. Control of the active site allows for a targeted connectivity of the titanium 
atoms to the silicate matrix while also tailoring secondary linking reactions which allows for 
specific control of the bulk. To the best of our knowledge, this is the first polynuclear 
titanosilicate catalyst that satisfies the requirements to be classified as a single-site heterogeneous 
catalyst. 
1.4.1 Atomically Dispersed and Clustered Titanium Centers 
Over the last two decades the Barnes group has developed a family of mesoporous, 
atomically dispersed single-site heterogeneous catalysts with targeted connectivity and geometry 
at the catalytic active sites.  In addition to this targeted control of the active site, isolation of the 
active sites within the silicate matrix is a fundamental feature that allows for low loading of the 
active metals.  The low loading strategies combined with the high surface area that these 
mesoporous heterogenous catalysts possess results in materials containing low site density per 
unit weight or volume. 
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The family of titanosilicate catalysts synthesized previously in the Barnes group was 
prepared so that each material contained specific types of isolated, atomically dispersed Ti4+ 
centers with connectivities to the silicate matrix referred to as 2-connected (2C-), 3-connected 
(3C-), and 4-connected (4C-), Figure 2.  These single-site heterogeneous catalysts contain 
isolated, identical Ti4+ active sites that are well-dispersed within a silicate matrix using the 
building block approach and method of sequential additions, as confirmed by a variety of 
characterization techniques.  
In contrast to the above mononuclear titanosilicate catalysts, a novel trinuclear 
titanosilicate single-site heterogeneous catalyst is described in this work.  The polynuclear 
molecular complex [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5] (Figure 3) which consists of a 
“Ti3O2 core”, bridging carboxylate ligands, and three terminal chloride ligands is used as the 
titanium precursor. Using a similar synthetic methodology involving the building block approach 
and method of sequential additions, the trinuclear titanium oxo core was dispersed in a robust, 
mesoporous silicate matrix, and characterized using a variety of characterization techniques. The 
proposed structure and connectivity of the trinuclear titanosilicate catalyst’s active site are 








Figure 3: Molecular trinuclear titanium precursor [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5]. 
Titanium is blue, oxygen is red, chlorine is green, and tolyl group is light grey. 
 
 
1.4.2 Catalytic Properties in Selective Oxidation Reactions 
 Catalytic activity is also an important property that provides valuable information about a 
catalyst not available from other characterization methods. The catalysts synthesized in this work 
are applied primarily to the oxidation of cyclohexene to cyclohexene oxide with cumene 
hydroperoxide, Figure 4.  This epoxidation reaction is thought to proceed through an atom 
transfer mechanism to form the oxide and this reaction has been well characterized in 
literature.[6-8] 
 Finally, with this family of single-site titanosilicates (mono- and polynuclear) we can 
explore a structure-function relationship involving the Ti4+ active sites with specific 
connectivities to the mesoporous silicate matrix.  The commonality that this family of catalysts 
share, that being the mesoporous silicate matrices, allows us to explore the effect of the first 
coordination sphere of the active sites on catalytic activity. This structure-function relationship 
should shed some light on the fundamental understanding of catalytic reactions and the catalytic 
properties of the polynuclear titanosilicates as compared to mononuclear analogues. Previous 








mononuclear and polynuclear titanosilicates[9] and this family of catalysts should help 
understand the structure-function relationship and provide a clear trend in overall catalytic 
performance of these single-site titanosilicates. 
1.4.3 Brief Overview of Chapters 
  In Chapter 2, the synthetic methods for the preparation of heterogeneous catalysts 
describes in detail concluding with the concept of a single-site heterogeneous catalyst.  
Chapter 3 describes the strategy behind the building block approach and the method of 
sequential additions.  This established methodology revolves around the step wise, rational 
construction of a robust silicate matrix that encompasses the catalytically active metal site 
leading to a well-defined, isolated single-site heterogeneous catalyst. The chapter concludes with 
some general characterization techniques available when evaluating heterogeneous catalysts. 
Chapter 4 describes the synthetic approach and characterization of the novel polynuclear 
titanosilicate catalysts. The catalysts synthesized in this work follows the same 2-step synthetic 
strategy as their mononuclear counterparts, building block approach and the method of 
sequential additions. Some new reactions of the trimethyltin groups on the silicate building block 
were evaluated and conclusions drawn as to how these reactions influence the final active site. 
The characterization results of these single-site heterogeneous catalysts are described in detail. 
Chapter 5 describes the epoxidation results in this research.  All catalysts synthesized in 
this work were investigated as selective oxidation catalysts for the epoxidation of cyclohexene to 
cyclohexene oxide. The catalytic activity as well as stability and recyclability were evaluated. 
Additionally, the true effectiveness of the trinuclear catalyst synthesized here is also evaluated 
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with a wider range of bulky substrates and oxygen sources. The selective oxidation of 
cyclohexene to cyclohexene oxide is only one of many selective oxidation reactions 
titanosilicates are known to catalyze, therefore, extensive testing of additional catalytic reactions 
would be beneficial to truly appreciate the success of the single-site catalyst described in this 
work.  
Chapter 6 contains a summary of the work presented in this dissertation as well as 
potential future work involving a complete family of single-site titanosilicates. This new family 
of titanosilicates may be completed with the addition of other polynuclear active sites such as 




Chapter 2: Overview of Heterogeneous Catalysts 
 Heterogeneous catalysts are the most commonly used catalytic systems for manmade 
chemicals and there currently exists a need for the continued development of these materials to 
face the growing challenges of the environment and limited natural resources. Typically, these 
catalysts are developed with high surface area solid supports which contain an active component, 
such as an acid or base group or transition metal. There is a plethora of synthetic strategies 
available to prepare supported heterogeneous catalysts that can be categorized into two groups 
depending on the type of active site desired: surface or embedded catalytic sites.  Surface active 
sites are linked to the pre-made solid support and generally have minimal linkages to the surface 
of the support, whereas embedded active sites are introduced during the synthesis of the material 
and typically have several linkages to the support matrix. 
 As mentioned above, a major challenge in the field of heterogeneous catalysts revolves 
around the multitude of active sites that may be generated during synthesis. The presence of 
multiple types of active sites generally reduces a catalyst’s performance and makes 
characterization of the “real” active sites in materials difficult. These drawbacks are inherent to 
the heterogeneity of these materials and the synthetic strategies used will be discussed in the 
upcoming sections. A central theme in the catalyst community involves the investigation of the 
catalytic site at the atomic level and its relation to catalysis to develop a structure-activity 
relationship[10].  Ultimately, new synthetic methodologies are desirable which produce an 
active, well-defined, single-site heterogeneous catalyst from which a correlation between the 
structure and catalytic activity of the material can be developed. 
2.1 The Active Site and the Catalyst Ensemble 
 In many facets of the chemical industry, the catalysts used are comprised of highly 
dispersed nanoparticles that exhibit large surface areas maximizing adsorption of incoming 
reactant molecules from the gas or liquid phases. Heterogeneous catalysts are partially 
characterized by their activity and selectivity. These two factors are influenced by catalyst 
preparation, chemical composition, electronic effects and the support, just to name a few. The 
correlation between the properties of the active site and structure dependence was first proposed 
by Taylor[11] who suggested that during catalysis, chemical reactions occur on certain surface 
sites (designated as active sites) and not over the catalyst’s entire solid surface. Taylor further 
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postulated that these “active sites”, consisted of an atom or unique group of atoms, that scantly 
populate the surface of the catalyst. Herein, we will further elaborate on this term “active site” to 
include the catalytically active metal cations, ligands, and linkages between the metal and the 
support that are directly associated with a catalytic reaction. This collection of atoms and bonds 
will be referred to through the remainder of this dissertation as a “catalyst ensemble”.  Therefore, 
to synthesize a highly active and selective heterogeneous catalyst, some knowledge of the “active 
site” and the “catalyst ensemble” must be known.   
 A hypothetical example of a catalyst ensemble is shown in Figure 5 where a metal cation 
(M) is linked to a silica support (SiO2) through the terminating oxo ligands on its surface. While 
silica is widely used support for heterogeneous catalysts, many metal oxide supports have been 
investigated (e.g. Al2O3, TiO2, and MgO). The chemical bonds to the surface functionality define 
the connectivity of the ensemble to the surface. In this example, the two siloxide metal-to-
support linkages (M-O-Si) serve four purposes: 1) bind the metal cation to the surface of the 
silica support 2) balance the overall charge between the metal cation (positive charge) and the 
siloxide ligands (negative charge) 3) optimized the spatial positions of the M-O-Si linkages to 
give rise to the desired electronic properties of the metal cation, and 4) prevent leaching of the 




Figure 5: Illustration of a catalyst ensemble showing the terminating ligands on the metal (M-L), 
metal-to-support linkages (M-O-Si) and the silica support (SiO2). 
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It is also necessary to have terminating ligands to fill out the metal’s coordination sphere 
so that the site is stable in its latent state. These ligands also need to be easily exchangeable with 
the substrate and be able to move about the coordination sphere as required by the coordination 
geometries of the various intermediates and transition states that are visited during the 
mechanistic catalytic cycle. 
2.2 The Support 
 Heterogeneous catalysts are typically synthesized using metal oxides as support materials 
due to the versatile functionality of the surface.  To understand the linking of the metal cation 
active sites to the support materials, knowledge of the surface functionalities present is necessary 
for successful attachment of the metal cation active sites to the support. Two common reactions 
that immobilize metal cations on to metal oxide surfaces are shown in Scheme 1.  
 There are two species on the surface of silica (SiO2): siloxane bridges (≡Si-O-Si≡) and 
silanol groups (≡Si-OH).  Linking a metal cation to the surface of silica typically involves one of 
three types of silanol groups, isolated, vicinal, or geminal (Figure 6 top left, shaded regions of 
Figure 7).  Elevated densities of surface hydroxyl groups is a common occurrence in untreated 
metal oxides such as silica. The high densities of hydroxyl groups can be reduced through 
dehydration of the materials at 500 ℃, with the formation of additional ≡Si-O-Si≡ bridges. The 
dehydration step allows for the spatial distribution of metal cations on the surface of the silica. 
Figure 6 (bottom right) shows how this reduction of surface hydroxyls is a method to control the 
type of connectivity between the catalytically active metal precursor and the support thus 




Scheme 1: A generic reaction scheme showing the immobilization of active metal site (M) on 




Figure 6: Reaction of active metal species with isolated and non-isolated surface silanols. (top 














Unfortunately, when multiple types of functional groups like hydroxides are present on a 
support surface, determination of what active site is formed on the surface is still challenging due 
to the heterogeneity of the support surface. Figure 7 shows a hypothesized illustration of an 
amorphous distribution of Si-O-Si bridges forming – (Si-O-)n rings (n = 3 – 8) and the dispersion 
of the isolated (I), geminal (II) and vicinal (III) silanol groups on the surface of silica. 
The chemistry that occurs at the interface or surface of a support which leads to the 
formation of a potential active site must be carefully tailored in the synthesis of these catalysts to 
maximize the rates of catalysis. Porous supports with high surface area are desired for the linking 
of catalyst ensembles as they allow for an increase in the number of active sites per unit volume 
or weight thereby increasing the overall activity of the catalyst.  Commonly used mesoporous 
silica supports, MCM-41[12] and SBA-15[13], are relatively inexpensive, possess high thermal 
stability and offer high surface area-to-mass ratios. These properties afford stability and efficient 
dispersion of the catalyst ensembles within the material which leads to enhanced catalytic 
activity.  While these benefits are great, synthetic procedures used to prepare heterogeneous 
catalysts are still challenged to control the surface area, accessibility, and site isolation of active 







Figure 7: Illustration of the amorphous distribution of Si-O-Si bridges forming –(Si-O-)n rings 
(n = 3 – 8) and the isolated (I), geminal (II) and vicinal (III) silanol groups on the surface of 
silica.  Image reproduced from ref[4]. 
15 
 
2.3 Surface versus Embedded Active Sites in Heterogeneous Catalysts 
Heterogeneous catalysts have evolved over time and scientists have developed a plethora 
of synthetic techniques to modify their intrinsic properties while maintaining control of the 
structure (e.g. particle size, porosity and dispersion), which will be described in more detail in 
the following sections. Surface sites are obtained by linking the catalyst ensemble to a 
preexisting host support while embedded sites involve incorporation of the catalyst ensemble 
during the synthesis of the support.   
A notable difference in these two types of catalytically active sites is the number of 
linkages between the ensemble and the support, as seen in Figure 8. Embedded active sites 
generally have a greater number of linkages to the support material whereas surface active sites 
typically have fewer linkages (as few as one) to the support material.  The traditional methods 
used to produce embedded heterogeneous catalysts include sol-gel, hydrothermal, and templating 
processes.  Each of these synthetic procedures will be discussed in the following sections. 
2.4 Preparation of Heterogeneous Catalysts with Embedded Active Sites 
 The following sections describe some of the commonly used synthetic methods for 
preparing heterogeneous catalysts with embedded active sites. The synthetic methods are sol-gel, 
templating, non-hydrolytic sol-gel, and hydrothermal strategies. 
2.4.1 Hydrothermal Synthesis 
 Nature provided the first hydrothermal reactions found in the formation of minerals. 
Geologists were able to extrapolate the fundamental conditions for mineral formation which led 
to establishing hydrothermal processes in industry[14].  A typical hydrothermal process is a 
heterogeneous reaction performed in a sealed system under aqueous conditions at temperatures 
above 100 ℃ and pressures above 1 bar. A hydrothermal synthesis provides three major 
benefits[15]: 1) the reaction rate between complex ions is accelerated, 2) enhancement of 
hydrolyzation reactions, and 3) reactants experience a change of redox potential. The final 
materials are obtained after crystallization which occurs during the hydrothermal reaction[16]. 
The hydrothermal method has become the primary process for the preparation of mixed 
oxides, the synthesis of zeolites and molecular sieves[17].  Zeolites and molecular sieves have 




Figure 8: Illustration of two types of ensembles on a support, embedded and surface active sites. 
  
 
properties[18].  Zeolites are typically microporous, aluminosilicate materials that can participate 
in ion exchange reactions with a variety of metal cations (e.g. Na+, Ca2+, Mg2+, etc)[18].  
Currently there are over 170 distinct framework structures of zeolites with four of the more 
common zeolite structures: zeolite A, zeolite Y, zeolite L, and ZSM-5 shown in Figure 9.  
Zeolites are also widely used as supports and heterogeneous catalysts with their microporous 
structures (diameters ranging from 4 – 12 Å) acting as molecular sieves which selectively 
exclude unwanted reactants so that they cannot reach their active sites. While this does enhance 
selectivity, mass transport complications can develop and limit the reactants accessibility to the 
active site of these materials[19] 
2.4.2 Sol-gel Method 
The sol-gel methodology is a widely used synthetic strategy for the synthesis of inorganic 
polymers, ceramics, metal-oxide glasses, etc. An advantage the sol-gel method has over other 
synthetic processes is the homogeneous dissolution of reactants on the atomic scale which leads 
to the formation of a semi-rigid gel containing a homogeneous distribution of catalyst ensembles 
within the material. Heterogeneous catalysts are frequently synthesized using the sol-gel method 
due to economical cost of the reactants together with simplistic and mild reaction conditions (i.e. 











 The aqueous sol-gel method revolves around two key reactions: hydrolysis and 
condensation. The synthesis begins with the metal active site precursor dissolved in an aqueous 
solution.  Metal alkoxides are often the catalytic active metal precursors as they react readily 
with water and are relatively inexpensive. This precursor solution undergoes hydrolysis 
(Equation 1) and condensation (Equations 2 and 3) reactions to form a colloidal system of 
nanoparticles dispersed in a solvent, known as the sol. 
𝑀 𝑂𝑅   𝐻 𝑂 →   𝑀 𝑂𝐻  𝑅 𝑂𝐻   Equation 1 
Equation 1 shows the metal alkoxide forming the metal hydroxide and an alcohol. Upon 
formation of the metal hydroxide, condensation reactions occur with an additional metal 
hydroxide (Equation 2) or a metal alkoxide (Equation 3) species producing the sol particles and 
water or alcohol[20].  
𝑀 𝑂𝐻  𝑀 𝑂𝐻  →   𝑀 𝑂 𝑀  𝐻 𝑂  Equation 2 
𝑀 𝑂𝐻  𝑀 𝑂𝑅  →   𝑀 𝑂 𝑀  𝑅 𝑂𝐻  Equation 3 
Figure 9: Illustrations of commonly used zeolite frameworks.  Pore opening sizes and 
dimensionality of channel system (D) are in parentheses. (a) zeolite A (3D, 4.2 Å); (b) zeolite Y 
(3D, 7.4 Å); (c) zeolite L (1D, 7.1 Å); (d) ZSM-5 (silicate) (2D, 5.3 x 5.6 Å, 5.1 x 5.5 Å).  Figure 
obtained from ref[3]. 
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The sol particles continue to undergo a combination of hydrolysis and condensation 
reactions, known as gelation (gel), until the nanoparticles achieve macroscopic sizes forming a 
3D network [21]. After gelation, aging occurs which involves the expulsion of solvent from the 
gel (syneresis) and allows the gel to undergo further cross-linking reactions with unreacted sites. 
Care must be taken in the aging stage as prolonged aging results in an increase of surface area 
but with a disordered porosity[22]. 
 Finally, upon completion of the aging stage, any remaining solvent is extracted from the 
pores of the material.  The method of drying can produce one of two distinct materials, xerogel 
or aerogel.  An illustration of the sol-gel process and each of these products is shown in Figure 
10.  Both these products, xerogel and aerogel, are often microporous due to the capillary forces, 
but by employing a templating agent the porosity of the material may be tailored into the 
mesopore range. 
The sol-gel method is widely used for the synthesis of heterogeneous catalysts as it offers 
a high degree of purity and homogeneity which can be tailored with the synthetic parameters 
during the synthesis[12] (e.g. precursor concentrations, temperature, quantity of water).  
However, the sol-gel method cannot control the number of linkages the active site has with the 




Figure 10: Illustration of a sol-gel process with the two different products, xerogel and aerogel. 
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different types of active sites within the material, squashing the notion of a single type of site, 
while the latter can result in aggregation of the active sites leading to catalyst deactivation.  
While the sol-gel method may be ideal for the synthesis of an amorphous heterogeneous catalyst, 
this method is generally not ideal if a well-defined, single-site heterogeneous catalyst is desired. 
2.4.3 Templating 
 In the late 1980’s, the need for new synthetic methods for the development of porous 
materials led researchers at Exxon Mobil to develop a new family of nanostructured mesoporous 
materials known as M41S.[23] Mesoporosity in materials is classified as having pore sizes 
between 2 nm to 50 nm. Templating is a synthetic method to develop mesoporous materials with 
high surface area, large pore volume and tunable pore structures allowing for increased 
accessibility to active sites and fast mass transport rates.  
Templating is commonly used in sol-gel synthesis where the templating agent is 
embedded in the matrix through non-covalent interactions using two methods: hard or soft 
templating.  Many fields incorporate a hard-templating process (exotemplate method) due to 
their unique structures and particle size versatility. A hard template is a well-defined, rigid solid 
material such as polymer microspheres, carbon fiber or anodic aluminum oxide whose stable 
structure directly impacts the size and morphology of the porous material.[19, 24] This process 
involves filling the hard template with the precursor which ultimately produces a negative clone 
of the template after the initial rigid template is removed. A graphical representation of a hard-
templating method is shown in Figure 11 B (bottom).   
A soft template (endotemplate method) does not incorporate a rigid structure. Instead, 
structure-directing molecules (e.g. flexible organic surfactants, polymers or biopolymers) are 
incorporated to produce mesopores with pore widths up to 30 nm[19].  A soft-templating 
process, Figure 11 A (top), involves an inorganic precursor reacting with a non-homogeneous 
solution containing the soft template.  By way of electrochemical, precipitation or other synthetic 
methods, the inorganic precursors are deposited on the surface or the exterior of the template 
forming the shape and size of the final solid material. The template is removed from the final 
material by high temperature calcination or multiple washings.  The mesoporous materials 
obtained from a soft templating method possess tunable ordered pore architectures with high 




Figure 11: Scheme of templating processes (A, top) soft-templating and (B, bottom) hard templating 
used in sol-gel synthesis of mesoporous materials. Figure from reference[25]. 
 
 
  While there is a plethora of templated mesoporous supports, the most commonly used 
materials are MCM-41 (Mobile Crystalline Material)[26] and SBA-15 (Santa Barbara 
Amorphous)[27].  A soft template method is used in the synthesis of MCM-41 and SBA-15 
incorporating cationic or nonionic surfactants, respectively.  While the synthetic approach of 
these two materials may be different, with respect to the charge of the surfactant, successful 
synthesis of both the resulting supports are influenced by the ratio of surfactant to silicon 
precursor as well as surfactant to water ratio.  Using MCM-41 and the surfactant to silicon 
precursor as an example, varying this ratio produces three distinct structures, ordered hexagonal, 
ordered cubic, and ordered lamellar each named MCM-41(left), MCM-48 (center) and MCM-50 
(right) respectively (Figure 12). MCM-41 was synthesized with a surfactant to silicon precursor 
ratio of less than 1, MCM-48 with a a ratio greater than 1 and MCM-50 was synthesized with 
still larger ratios.[1] 
Many strategies for preparing heterogeneous catalysts have incorporated metal cations 
(e.g. Ti, V, Zr, Mo, W) into the framework of these mesoporous silica supports listed above[13, 
28-31]. While the resulting catalysts retain mesoporosity and possess high surface area, very 





Template-based methods for the synthesis of mesoporous heterogeneous catalysts 
provides control of porosity in the material allowing for an enhancement in the mass transport 
properties. At the same time however, control of ensemble dispersion is lost within the material 
due to significant changes in coordination and connectivity of the active site to the support 
during calcination necessary to remove the template. These changes to the active site 
unfortunately do not produce single-site heterogeneous catalysts. 
2.4.4 Non-hydrolytic sol-gel 
 A traditional sol-gel synthesis of heterogeneous catalysts revolves around the formation 
of oxo bridges resulting from hydrolysis and condensation reactions. A pitfall in these reactions 
arises in the synthesis of mixed metal oxides where the rates of hydrolysis of different metal 
oxide precursors need to be sufficiently paired to obtain a homogeneous dispersion of one metal 
oxide in the other metal oxide gel. This complication to the simplistic sol-gel synthesis may be 
overcome by choosing different sources of oxygen donors (e.g. alkoxides, alcohols, ether) to 
create the oxo bridge between two different metal oxide precursors. When water is not the 
oxygen source in a sol-gel synthesis it is classified as a non-hydrolytic sol-gel (NHSG) 
process[32].  The NHSG method for the synthesis of heterogeneous catalysts, in contrast to the 
traditional aqueous sol-gel process, is performed in non-aqueous media and involves 
condensation reactions that are generally irreversible.  Considering that the NHSG process is 
dependent on the absence of water, moisture sensitive techniques must be implemented during 
the synthesis to eliminate water from the reaction environment.  
Figure 12: Graphical illustration of three different pore structures of MCM materials. From 
left to right: MCM-41, MCM-48, and MCM-50. Figure from ref[1]. 
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 One example of a NHSG reaction is shown in Equation 4, two different metal precursors, 
metal alkoxide and metal chloride, covalently link together to form the M-O-M bond via a 
condensation reaction followed by the elimination of an alkyl halide. This NHSG reaction is 
termed alkyl halide elimination. This is a common elimination reaction used in a NHSG process 
as starting metal alkoxides can be inexpensive and the reaction generally takes place at lower 
temperatures as compared to other elimination reactions[33]. 
𝑀 𝑂𝑅  𝑀 𝐶𝑙  →   𝑀 𝑂 𝑀  𝑅 𝐶𝑙  Equation 4 
There are many types of NHSG elimination reactions, but for the work presented in this 
dissertation, only the ester elimination reaction will be described further (Equation 5).  An ester 
elimination involves the condensation reaction between metal alkoxides and metal carboxylates 
forming a M-O-M covalent bond with the elimination of an ester.  The ester elimination reaction 
is not common in the NHSG process and requires nonpolar, aprotic solvents for the formation of 
the M-O-M bond[32, 34].  Caruso et al[34] determined that ester elimination was solvent 
dependent and reactions performed in coordinating solvents, such as pyridine, deters ester 
elimination and favors the formation of ligand exchange coproducts. Furthermore, Caruso listed 
three additional criteria that must be met for successful ester elimination between a metal 
carboxylate and metal alkoxide: 1) a non-chelating carboxylate ligand, 2) an electropositive 
metal alkoxide, and 3) vacant coordination sites on the metal alkoxide center. 
𝑀 𝑂𝑅  𝑀 𝑂𝐶𝑂𝑅′  →   𝑀 𝑂 𝑀  𝑅 𝐶𝑂𝑂𝑅 Equation 5 
 The NHSG process avoids the hydrolysis reaction of traditional sol-gel processes thus 
offering a one-step synthesis of porous metal oxide supports and amorphous heterogeneous 
catalysts. This method allows for the use of a diverse group of metal precursors and metal 
oxygen donors, due to the variety of condensation reactions available and non-aqueous media. 
Air-sensitive techniques are required for most NHSG syntheses and similar to traditional sol-gel 
processes, NHSG syntheses offers little control over the number of linkages from the catalyst 
ensemble to the support and dispersion of the active site within the material.  Therefore, non-




2.5 Preparation of Heterogeneous Catalysts with Surface Active Sites 
 The previously described synthetic methods which produce embedded catalytic active 
sites in a support matrix. An additional way of developing isolated and dispersed catalytically 
active species is to bind the ensembles to the surface of a preformed solid support[17]. There are 
three basic methods of depositing active sites on a surface: impregnating, grafting or tethering 
the catalytic ensemble to the surface of the support. Impregnation is the most used and well-
known method of making heterogenous catalysts due to its inexpensive and simple procedure. 
While these are common synthetic methods, they virtually always lead to a mixture of active 
sites in catalysts with different connectivities and coordination numbers (Figure 13). These 
methods typically do not produce a single-site heterogeneous catalyst.  
Commonly used supports are complex metal oxides, zeolites and certain polymers. Silica 
(SiO2) is the most widely used solid support for binding of catalyst ensembles to the surface due 
to its versatile surface architecture and high surface area. Some examples of binding to the 
surface architecture through three types of silanol groups (Si-OH) were shown in Figure 6. A 
short description of each of these methods to produce catalytically active surface sites will be 








2.5.1 Impregnation Method 
 The impregnation method is a commonly used process in industry to synthesize 
supported metal and metal oxide catalysts due to the simplistic nature of the synthesis. This 
process involves the impregnation of a porous support material with an active metal precursor 
solution followed by evaporation of the solvent (drying).  The resulting material frequently  
undergoes activation treatments (e.g. calcination, reduction) which leads to the final support or 
catalyst[35]. Impregnation of the support material operates via two types of interactions[36]: 1) 
physisorption of the active metal precursor to the support surface, and 2) ion exchange between 
acidic protons on surface groups and the active metal ions in solution. The type of impregnation 
method, dry or wet, is dictated by the total volume of solvent present during the reaction[37]. 
 A dry impregnation synthesis (also called pore filling or incipient wetness) uses a specific 
amount of the active metal precursor solution that is added to the support material allowing just 
enough solution to fill the pore volume of the support. The precursor solution is drawn into the 
pores by capillary action. The solvent is then removed leaving the active precursor on the surface 
of the pores and the resulting precipitate is calcined to remove the ligands and produce the metal 
to its active state.[36] A generic illustration of this method is shown in Figure 14.  In dry 
impregnations, there are no chemical interactions between the metal precursor and the support 
surface (physisorption interaction).  The loading of the metal active site on the support material 




Figure 14: Illustration of a dry impregnation method.  Adapted from ref[38]. 
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solution. This method will generally not yield a uniform distribution of active sites within the 
material. Furthermore, the calcination step can result in aggregation of the metal active sites 
which also leads to poor dispersion of the active site within the support material. 
Materials synthesized via a wet impregnation method use an excess of the active metal 
precursor solution with respect to the total pore volume of the support. The excess of precursor 
solution instigates ion exchanges between the metal precursor solution and the support material.  
The metal active sites can be uniformly dispersed throughout the bulk of the support material by 
using multiple doses or repeating the wet impregnation process [39]. The increased uniform 
dispersion of the active site on the support material is achieved via ion exchange between acidic 
protons on surface groups and the active metal ions in solution. 
 Both methods, dry and wet, have their advantages. Simple control of the loading of active 
sites in the pores of the support is accomplished with dry impregnation while wet impregnation 
offers a more uniform distribution of metal active sites on the support. With respect to drying, 
both methods can suffer from a buildup of catalyst ensembles, either at the inner peripherals of 
the pores or on the exterior of the pores, leading to pore blocking[39].  Therefore, precise control 
of the evaporation of the solvent is critical to successful synthesis by these methods.  Although 
conceptually simple to understand and easy and cheap to perform in the lab or in application, this 
method will generally not yield a uniform distribution of active sites in a material and cannot be 
solely used to prepare single-site catalysts. 
2.5.2 Grafting and Tethering Methods 
 Two additional methods that allow a metal active site precursor to be dispersed on the 
surface of a preformed support are grafting and tethering.  Grafting is a traditional synthetic 
technique in the development of heterogeneous catalysts, whereas tethering is typically used to 
anchor a homogeneous catalyst to a support material thereby providing the benefits from 
immobilizing active sites to a homogeneous catalyst. While similar to depositing metal 
precursors on a support surface with the impregnation method, these two methods utilize specific 
functionalities on the catalytic ensemble for covalent linking to the support materials. There are 
two main differences in grafting and tethering methods: 1) synthetic strategy, and 2) type of 
linkage necessary for the binding of the ensemble to the support material.  
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 Grafted metal precursors on support materials are traditionally synthesized via a 
condensation reaction with surface functionalities (e.g. silanol groups). The catalytic ensemble is 
tailored with a reactive ligand to react with the surface functionality. Using silica as an example 
(seen in the following equations), the condensation reaction between the labile ligand on the 
metal precursor and the surface silanols results in the metal precursor being directly grafted to 
the support surface with either one, two, or three M – O – Si linkages termed monopodal, 
bipodal, or tripodal respectively[40] (Figure 15A).  
𝑀 𝑅  𝐻𝑂 𝑆𝑖  →   𝑀 𝑂 𝑆𝑖  𝑅 𝐻 
𝑀 𝐻  𝐻𝑂 𝑆𝑖  →   𝑀 𝑂 𝑆𝑖  𝐻  
A drawback to the grafting method is the potential for obtaining multiple active sites due 
to the varying configurations of surface silanols that lead to different number of linkages to the 
support material. Multiple active sites on the support surface makes characterization extremely 
difficult and can reduce activity and selectivity of catalytic reactions. 
Tethering of metal active sites to a support material requires modification of the metal 




Figure 15: A (top) Monopodal, bipodal and tripodal connectivity of grafted complexes to SiO2;    
B (bottom) Tethered heterogeneous catalyst and the homogenous analogue from ref[41]. 
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functionalized with a linking group (typically a silylated hydrocarbon chain) that will bind to the 
surface functionality thus tethering the metal active site to the support material while rendering 
the immediate environment around the metal active site unchanged. The tethering method will in 
theory allow the performance of a homogeneous catalyst to exhibit similar reactivity as 
compared to the metal ensemble precursor all the while acquiring the advantages of a 
heterogeneous catalyst[42]. Figure 15B shows an example of a combined homo/heterogeneous 
silica-supported rhodium catalyst[41]. Unfortunately, in practice, problems associated with the 
tethering method cause tethered catalyst ensembles to breakdown and deactivate in relatively 
short periods of time. The metal ensemble can experience weak tethering linkages to the support 
that are susceptible to attack and decomposition while site isolation becomes an issue due to the 
flexibility of the tether. 
2.6 Summary of Traditional Heterogeneous Catalyst Synthetic Methods 
 A long-standing challenge in contemporary heterogeneous catalysis is the development of 
general synthetic methodologies which can produce arrays of identical active sites that are well 
dispersed within a support material that possess high surface area with controlled porosity. The 
synthetic methods described earlier in this section are just some of the typical methods used in 
the synthesis of heterogeneous catalysts that have the active site on the surface or embedded in 
the solid support material.  While each of these methods has benefits in their respective synthetic 
approaches, they all fail to produce one key component: control of the active site during 
synthesis.  The need for a synthetic method that can produce a single-site heterogeneous catalyst 
is a long-standing challenge in heterogeneous catalysis. The next section will describe some of 
the preferred characteristics of a single-site heterogeneous catalysts followed by a proposed 
synthetic strategy that addresses challenges of site isolation involving the active site previously 
described.  
2.7 Single-site Heterogenous Catalysts 
 The expression “single-site” was introduced after Andresen et al.[43] developed 
zirconocene-based homogeneous catalysts that presented unique activity and selectivity in 
reactions involving olefin polymerization.  These polymerization reactions, in contrast to 
Ziegler-Natta heterogeneous catalysts, only occur at a single type of metal center that possesses 
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the same connectivity and coordination within this family of metallocene based homogeneous 
catalysts[44]. These identical metal centers led to the term single-site catalysts. 
 With regards to heterogeneous catalysts, in 2005, Thomas et al[45] defined single sites 
as: “consisting of one or more atoms, the single-sites are spatially isolated from one another …. 
have the same energy of interaction with reactants, are well-characterized, in the same way as 
single-site homogeneous catalysts”.  With this definition, researchers moved forward under the 
premise that all “single-sites” in a heterogeneous catalysis should be well-defined, identical, and 
will produce the same activity and selectivity during catalysis. Furthermore, one should expect a 
SSHC to be more selective because when only one properly designed site is involved, one 
reaction pathway should be energetically preferred and when performing catalysis with a true 
single-site heterogeneous catalyst (SSHC), one would expect them to average activity per site 
because all sites contribute to catalysis rather than some small fraction of sites. If a solid phase 
heterogeneous catalyst is involved separation of products and reactants should be easier as well 
as the recyclability of the catalyst that is desired by industry.   An additional advantage to 
SSHC’s is it’s easier to characterize than typical multi-site heterogeneous catalysts with common 
spectroscopic techniques such as NMR, IR, and XAS. This is due to the simplification of the 
spectroscopic data of a single type of active site that does not contain overlapping spectra from 
multiple types of sites. 
2.7.1 Synthetic Approaches to Single-site Heterogeneous Catalysts 
 The synthesis of heterogeneous catalysts generally begins with the metal active site 
precursor being deposited on or within an oxide support, but control of the connectivity of the 
active site to satisfy the notion of the “single-site” remains a challenge with this traditional 
approach. There are several examples available in literature that are often cited as examples of 
single-site heterogeneous catalysts. TS-1 a zeolitic titanosilicate and the zeolite H-ZSM-5 will be 
described below as two examples.[45-51].  
 The H-ZSM-5 zeolitic SSHC is an interesting example of a single-site catalyst that is 
typically synthesized via a hydrothermal method. H-ZSM-5 is an acid catalyst comprised of an 
aluminosilicate matrix where the active sites reside in the tetrahedral aluminum ions that are 
substituted in the framework of silica. The Bronsted acid active sites are protons associated with 




Figure 16: The Bronsted acid site in H-ZSM-5 and its interaction with a base (B). 
 
 
active site in H-ZSM-5 reacting with a base or substrate. Haag found using (MAS)-NMR (MAS 
= magic-angle spinning) that when the zeolite was dehydrated the aluminum was in an 
asymmetric tetrahedral coordination (left side of Figure 16), but when a base was added (e.g. 
water, ammonia), the aluminum sites were in tetrahedral environments (right side of Figure 16). 
Haag et al.[51] found that by varying the concentration of aluminum in ZSM-5 the catalytic 
activity (alpha (α)-test) was proportional to the number of aluminum atoms present in the SSHC.  
This key finding supported the homogeneity of the active sites within the material. The 
quantitative correlation of the total Al content and the catalytic activity was only possible when 
the aluminum sites were in a tetrahedral coordination within the framework. Haag concluded “If 
we assume that the active sites in standard amorphous silica-alumina catalysts are similar in 
nature and specify activity to those in ZSM-5, then the above data indicate that only about 1 out 
of 1,000 of the analyzed Al atom was effectively involved in such catalysts”.   These findings 
allowed Haag to successfully count the number of active sites and quantitatively extrapolate the 
turnover rate. 
2.8 Titanosilicate Catalysts  
A broad range of synthetic methods to produce heterogeneous catalysts have been 













































titanosilicates. The initial development of titanosilicate catalysts evolved from aluminosilicate 
zeolites. As previously mentioned, zeolites are typically microporous crystalline materials 
formed by silicon and aluminum atoms linked by oxygen atoms in a tetrahedral geometry.  The 
advancements in aluminosilicate zeolites lead to exploring the use of transition metal cations 
(e.g. Ti4+, V3+, or Fe3+) substituted in zeolite frameworks. The introduction of metal cations, 
other than aluminum, into the zeolite framework produced different chemical properties of the 
material. Among the many transition metals deposited into the framework, titanium has been 
shown to be an interesting metal cation due to the wide variety of synthetic approaches and 
chemical reactions that they catalyze. 
The development of titanosilicates involves the isomorphic substitution of Al3+ for Ti4+ 
into the zeolite framework. The presence of the titanium atoms deposited into the framework 
removed the Bronsted acidity of the material while introducing Lewis acid sites due to the formal 
charge of titanium.  The Lewis acidity increases the hydrophobic properties of these silicates 
promoting the catalyzed oxidation reactions of olefins using hydrogen peroxide as the oxidant. 
2.8.1 Microporous Titanium Silicalite-1 (TS-1)  
An often cited example of a SSHC is the popular selective oxidation catalyst titanium 
silicate-1 (TS-1) which is known to exhibit remarkable stability in the presence of aqueous 
hydrogen peroxide. TS-1 is a zeolitic material that was discovered in 1983 by Taramasso et 
al[52] and is modeled after ZSM-5 silica framework with a low percentage of the tetrahedral 
silicon sites substituted with Ti4+ cations (≤ 2.5 wt% Ti). A typical strategy for the synthesis of 
TS-1 involves either hydrothermal or wet impregnation methods, but over the last several 
decades many synthetic approaches have been reported as summarized in Table 2.  
The hydrothermal synthetic methodology targeted the isomorphous substitution of Ti4+ 
ions into the T8 and T10 sites of the orthorhombic MFI structure, shown as the green and blue 
circles respectively in Figure 17 [53].  Even though TS-1 is regarded as a SSHC, many groups 
have performed comprehensive spectroscopic characterizations of TS-1 (e.g. XRD, neutron 
diffraction, IR, Raman, XAS) that have revealed that Ti4+ ions can also populate the T3 site as 
well as the two silicon positions, T1 and T5 in the crystal structure. Considering that Ti4+ ions 
can be incorporated into several different sites, researchers have identified more than one active 
site that can coexist in TS-1[54], those being Ti(OSi≡)4 and Ti(OSi≡)3(OH) (Figure 18), with the  
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Table 2: TS-1 synthetic methods and parameters vs Final Si/Ti and morphology. Data from 
Ref[55]. 
 
 a Common component in wetness impregnation or hydrothermal synthesis include Si and Ti 
sources and structure-directing agent; 
b Tetraethylorthosilicate (TEOS), tetraethyltitanate (TEOT), tetrapropylammonium hydroxide 
(TPAOH) 
































































Figure 17: Illustration of the orthorhombic MFI structure and the titanium substitution into the 
framework sites of the zeolite TS-1. T8 sites circled in green and T10 sites circled in blue.  The 












Figure 18: Illustration of the two potential active sites in TS-1. 
 
 
former being the more predominant site. The potential for TS-1 to contain multiple types of 
active sites violates Thomas’s single-site classification that TS-1 is frequently described as. 
Additionally, the existence of extra-framework titanium sites has been confirmed 
spectroscopically when the titanium content rises above 2.5 wt.% in the final material. These 
extra-framework sites have been described as small domains of titania (TiO2)x with Ti-O-Ti 
bridges, both of which possess higher coordination numbers for the titanium metal centers and 
can lead to a decrease in desired catalytic activity and selectivity. While the Ti4+ ion can populate 
3 -5 different sites of the 12 crystallographic sites available in the MFI zeolite structure, and 
potentially contain more than one type of active site, TS-1 is still revered by many as a classic 
example of a SSHC. 
While TS-1 is the most extensively studied microporous titanosilicate for the epoxidation 
of alkenes using aqueous hydrogen peroxide, limitations exist with respect to the size of the 
reactants that this heterogeneous catalyst will accept. Figure 19 shows the plethora of selective 
oxidation reactions that have been reported for TS-1. 
The small pores of the MFI framework in TS-1 prevent many potential reactants from 
reaching the Ti4+ active sites. Using 1-hexene as an example, the conversion of 1-hexene to 1,2-
epoxyhexane using aqueous hydrogen peroxide proceeds in near quantitative yields. The rate of 









































Figure 19: Illustration of a variety of selective oxidation catalyzed reactions using TS-1.  













Figure 20: Illustration of the structure of olefins with respect to reaction rates using TS-1. The 
length of the arrow indicates faster relative catalysis. 
 
 
(1- hexene > 1-octene > 1-nonene). The decrease in conversion to the respective epoxide is 
attributed to mass transport constraints associated with microporous materials. Additionally, 
bulky substrate such as cyclohexene or linear chains with internal olefins suffer from steric 
hindrances resulting in slower reaction rates or inactivity. One noteworthy example is 
cyclohexene which experiences no significant conversion to its epoxide due to the size of the 
ring. Figure 20 illustrates the conversion rates of cyclohexene, terminal, and internal olefins with 
the length of the reaction coordinate arrow representing the reaction rate of conversion (longer 
arrow represents higher reaction rate to epoxide).   
2.8.2 Mesoporous Titanosilicates 
 Over the last thirty years, mesoporous titanosilicates have emerged as selective oxidation 
catalysts for large organic substrates. These porous materials can have large specific surface 
areas of 500 - 1000 m2g-1 with pores ≥ 2 nm allowing bulky organic molecules to freely diffuse 
into the pores.[29, 56] Table 3 displays some of the structural parameters of a few popular 

















Table 3: Three of the popular types of mesoporous titanium silicate materials. 
 
aTriblock copolymer polyethylene oxide – polypropylene oxide – polyethylene oxide (Pluronic P123) 
 
 
characterization and catalytic activity of mesoporous titanosilicates, however, challenges remain 
in developing synthetic approaches to obtain single-site heterogeneous catalysts.  
Some of the well-studied examples of porous titanosilicates include Ti-MCM-41 and Ti-
SBA-15 which incorporate Ti4+ ions into framework sites of the supports, as well as the grafting 
of titanocene on various SiO2 supports, which will be described next. 
Ti-MCM-41 
The general synthesis of the mesoporous support material MCM-41 involves templating a 
sol-gel reaction using quaternary cationic surfactants CnH2n+1N(CH3)3X (n = 8, 10, 12, 14, 16 
with X = Cl and Br).[13] These mesoporous material have cylindrical pore channels, surface area 
≥ 1000 m2 g-1 with average pore diameters of ~4 nm as confirmed by x-ray powder diffraction 
(XRD) and transmission electron microscopy (TEM).[29, 60] There are two types of Ti-MCM-
41 that are typically prepared with contrasting synthetic procedures. Each of these synthetic 
methods produce different structures of the final material.  
The first type of Ti-MCM-41material is prepared via a hydrothermal synthetic method 
which concurrently introduces the titanium source, such as Ti(OiPr)4, with the silicon source 
(e.g. silicon alkoxides) and the cationic surfactant. Only a small portion of the silicon sites are 
substituted with titanium sites in the walls of the silicon framework (Si:Ti ratio of 1 : 0.01- 0.03) 
thus producing a material with fully embedded Ti4+ sites within the MCM-41 framework at 
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various locations [28, 60]. The second type of Ti-MCM-41 material uses a grafting technique to 
deposit titanium sites (e.g. titanocene) on the surfaces of the pre-made MCM-41 silicon 
framework. Both synthetic routes require calcination of the materials to remove the surfactant 
and unwanted organics. Based on neutron diffraction, DRUV, UV-Vis/Raman characterization 
studies, the materials obtained in the hydrothermal synthetic route are proposed to contain fully 
embedded Ti4+ site (4-connected) in the framework whereas Ti4+ sites grafted on the surface of 
the MCM-41 support are described as containing predominantly tripodal (3-connected) structures 
(Figure 21). 
Ti-SBA-15 
SBA-15 is an ordered mesoporous silica material with a 2D hexagonal structure 
consisting of mesopores 5 – 300 nm in diameter and high surface area ( ≥ 700m2 g-1 )[61]. SBA-
15 resides in the same space group as 2D hexagonal MCM-41 but with larger pores and thicker 
pore walls. This material is typically synthesized using a hydrothermal methodology and a non-
ionic triblock copolymer (e.g. Pluronic P123, EO20PO70O20) as a surfactant under acidic 




Figure 21: Illustration of grafting tripodal (3-connected) Ti4+ active sites on MCM-41. 
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parameters of the synthesis (e.g. temperature and reaction time). Characterization of these 
materials have shown that there exists a certain number of micropores interconnecting nearby 
mesopores.[27] 
 Ti-SBA-15 can also be synthesized via direct hydrothermal method using triblock 
copolymers (Si : Ti ratio < 0.01) or grafting methods using presynthesized SBA-15.  These 
materials contain uniform cylindrical channels with high surface area (600 – 1000 m2 g-1), pore 
volumes ranging from 0.6 – 1.3 cm3 g-1, and pore sizes from 5 – 30 nm.[62-63]  These ideal, 
tunable properties have made the Ti-SBA-15 catalyst a desirable material for selective oxidation 
catalytic reactions involving large organic molecules. 
The synthetic procedures of these classic titanosilicates reflect how the syntheses can 
modify the structural and electronic properties of these catalysts. The syntheses presented above 
incorporate Ti4+ active sites in a tetrahedral geometry with varying connectivity to the support 
material, namely 2-connected (2C-Ti), 3-connected (3C-Ti), or 4-connected (4C-Ti) fully 
embedded active site (Figure 22).  Unfortunately, there is little information available about the 
actual active sites in these titanosilicate catalysts.   The synthetic procedures frequently produce 
a mixture of active sites which can reduce the selectivity of these catalysts, thereby disqualifying 
them as SSHC’s. 
Ttitanosilicates are widely used as highly efficient catalysts for the selective oxidation of 
olefins using hydrogen peroxide or alkylhydroperoxides as the oxygen source. These catalysts 
typically use low loading of the mononuclear titanium precursor (1-2 wt% Ti).[64] Many 
publications have indicated that the activity of titanosilicates tends to decrease with higher Ti 
loading.[65-66] Careful control of the synthesis to obtain isolated, mononuclear, tetrahedral Ti4+ 
active sites is necessary for an efficient oxidation catalyst. At higher titanium loadings, TiO2-like 
oligomerized species tend to form which can exhibit poor catalytic activity.  As an example, 
when TS-1 is prepared with a high loading of titanium, extraframework TiO2 particles are 
observed and activity decreases significantly.  These materials tend to have Ti4+ sites with 4-, 5-, 
and 6-fold coordinations thus excluding them from being classified as a single-site 
heterogeneous catalyst. Some have speculated that this decrease in catalytic activity depends not 





Figure 22: Titanium active sites with different connectivities to silica supports. 
 
 
as limited accessibility to Ti4+ active sites, the existence of large TiO2 domains, and peroxide 
decomposition.[64, 67] 
While these mesoporous titanosilicate catalysts have the ability to catalyze larger 
substrates, synthetic procedures frequently involve harsh calcination techniques or grafting of 
titanium precursors onto the surfaces of these porous support which results in loss of control of 
the composition and structure of the active site. Both are generally thought to produce 
mesoporous catalysts with the identity of the active site undeterminable as well as mixtures of 
active sites within the material. 
2.8.3 Polynuclear Titanosilicates 
 The last two decades have seen the birth of polynuclear titanium catalysts capable of 
selective oxidation of olefins. It has been previously shown in literature that active sites 
containing Ti–O–Ti connectivity can also produce interesting catalytic activity and 
selectivity.[66] This increase in activity is often compared with the well-studied Sharpless 
epoxidation reaction which occurs in homogeneous solution using a dinuclear titanium tartrate 
catalyst.  Studies have shown that the dinuclear titanium species was significantly more 
catalytically active than the mononuclear analogues paving the way for investigations into 
polynuclear heterogeneous catalysts. A major hurdle to overcome in the development of 
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polynuclear titanosilicates is the prediction of the structure of active sites after harsh calcination 
step at 500 – 1500 ℃.  
 More recently, Kholdeeva et al.[67-68] prepared a series of mesoporous titanosilicates by 
grafting titanocene dichloride on a variety of silica supports for the selective oxidation of 2,3,6-
trimethylphenol  (TMP) to trimethyl-p-benzoquinone (TMBQ), Figure 23. While this is not an 
epoxidation reaction, Kholdeeva’s findings revealed that the presence of dinuclear or small 
cluster Ti4+ sites on the surface of the silica support avoids the formation of coupled dimeric 
byproducts in the conversion of TMP to TMBQ resulting in 100% selectivity to the product.  
Cp2TiCl2 is a classic precursor for atomically dispersed titanosilicate catalysts but if a high dose 
is used, the appearance of “mobile” species on the surface can lead to the formation of TinOm 
sites under calcination conditions. Figure 24 illustrates the possible titanium species on the 
surface of silica: 1) low Ti concentration (mononuclear, top) and 2) high Ti concentration 
(dinuclear, bottom).   
It has been reported in literature that heterogeneous materials synthesized with low Ti 
loading experience an increase in catalytic activity (1-2 wt % Ti) which is thought largely to be 
due to the catalytically active sites being 4-coordinate titanium species. However, other 
publications have reported high activities and selectivity’s for titanosilicates that contain up to 30 
mol % titanium[69-70]. Characterization of these high loading-titanosilicates using UV-Vis, 









Figure 24: Two potential titanium species on the surface of silica: low titanium concentration 
(top) and high titanium concentration (bottom).  Figure reproduced from ref[67]. 
 
 
6-coordinate titanium centers[70] within the material. These observations indicate that other 
factors can influence the activity of oxidation reactions besides the coordination state of the 
titanium active site.  Some of these factors might be the acidity of the support, particle size, 
accessibility to the catalytically active site, and peroxide decomposition.  
While Kholdeeva starts with a mononuclear titanium precursor, then proceeds with 
surface chemistry, Tuel et al[64] developed a polynuclear titanosilicate catalyst by grafting a 
hexanuclear titanium oxo cluster onto mesoporous SBA-15 (Figure 25). Tuel suggests that the 
synthetic procedure should produce one type of active site (5-coordinate). 
 Tuel reported UV-Vis spectroscopy data showing only the presence of five-coordinate 
Ti4+ sites and the absence of large TiO2 domains during synthesis which indicates the Ti6 clusters 
are well dispersed on the surface of the SBA-15 support. While calcination may induce changes 
in the assembly of the titanium atoms, the size of the TiO2 particles (~ 8Å) remains relatively the 
same (i.e. below 1 nm) as reflected by no change in the maximum of the UV-Vis absorption 
band. Tuel argues the absence of a shift in UV-Vis indicates the Ti6 core remained intact and 
grafted on the support. High selectivity’s were reported for the epoxidation of cyclohexene with 
tertbutyl hydrogen peroxide with initial reaction rates proportional to titanium content. Tuel and 










































Figure 25: Illustration of the [Ti6(μ3-O)6(μ-O2CC6H4OPh)6(OEt)6] cluster (white, C; gray, O; 
and black, Ti atoms) with SBA-15 and assembly of TiO6 catalyst. Figure from ref[64]. 
 
 
entirely of tetrahedral Ti4+ sites and free from TiO2 particles. Additionally, they go on to suggest 
that any decrease in catalytic activity that is typically observed with materials containing high Ti 
loading may not always be associated to polycondensed species in an octahedral coordination. 
However, the harsh calcination step in his procedure could change the coordination around the 
active site leaving the connectivity to SBA-15 in question. Based on what is presented in this 
study it can not be assumed that these materials meet the standards required for them to be 
considered SSHC’s. 
2.8.4 Conclusion of Titanosilicate Catalysts  
 The mid-eighties introduced EniChem’s breakthrough medium-pore TS-1 zeolite to the 
heterogeneous catalyst community. TS-1 was first titanosilicate that some researchers felt 
satisfied the single-site criterion described previously with isolated Ti4+ active sites substituted in 
a SiO2 matrix. The inability of the microporous TS-1 to efficiently catalyze bulky substrates 
paved the way for a plethora of mesoporous titanosilicates with similar activity but much larger 
pore systems in the host material (e.g. Ti-MCM-41 and Ti-SBA-15).  The mesoporous catalysts 
described here are capable of oxidizing larger substrates, but the stability of the catalyst is in 
question as the typical synthetic procedure (e.g. grafting) can produce multiple active sites and 
leave the active site vulnerable to leaching. Unfortunately, due to steps in synthetic procedures 
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such as titanium loading and calcination, homogeneity of the active sites in titanosilicates 
remains one of the largest challenges in their application as single-site heterogeneous catalysts. 
In contrast to all the titanosilicates described in this literature review which require a harsh 
calcination step, the work described in this thesis has a different strategy that does not require 
calcination. 
2.9 Titanosilsesquioxane Catalysts: Models for Surface Titanium Sites on Silicas 
Currently, development of pure single-site titanium silicate catalysts has been limited to 
homogeneous molecular species (e.g. titanium silsesquioxane complexes[71]), but, researchers 
are actively investigating depositing these molecular species on silica to create a mesoporous 
titanosilicate that obeys the true definition of a SSHC. Ti-silsesquioxane complexes are capable 
of mono-, bi-, and tripodal connected mononuclear Ti4+ ions as well as polynuclear dimers and 
tetramers. Examples of these molecular species are shown in Figure 26.  
Silsesquioxanes are nano-sized molecules whose basic skeletal structure consists of 
(RSiO1.5)n, where R is a functional group at the vertices (R= hydrogen, alkyl, alkene aryl, etc). 
The structures of silsesquioxanes falls into two groups, non-caged and caged. While there are 
many types of non-caged structures available (e.g. partial-cage, ladder, etc), for brevity, the 
caged structures will be briefly described. The cage-like structures of silsesquioxanes, called 
polyhedral oligomeric silsesquioxanes (POSS) have reactive silanol groups at select vertices 
which are analogous to the surface silanols on silica. The silanol groups located at the vertices 
can be substituted with functional groups to incorporate POSS into a network by polymerization 
or grafting techniques. Incorporating POSS moieties into a material increases its overall 
mechanical properties (e.g. rigidity, strength) as well as behaving as a nano-filler which creates 
the site isolation necessary for a SSHC.[72] Finally, POSS derivatives are highly symmetrical, 
3D structures that are often referred to as spherosilicates. While majority of the examples in 
Figure 26 contain atomically dispersed Ti4+ active sites, the inclusion of well dispersed, 




Figure 26: Examples of Ti-silsesquioxanes. R groups off of framework silicones not shown.  




 Chapter 3: A Rational Synthetic Strategy for the Preparation of a Broad Family of 
Single-site Heterogeneous Catalysts 
3.1 Building Block Methodology 
3.1.1 General Methodology 
In the last two decades the Barnes group has made significant contributions to developing 
a rational synthetic strategy for the preparation of single-site heterogeneous catalyst consisting of 
isolated, atomically dispersed, identical metal active sites within a silicate matrix.[73]  This 
methodology combined a silicate building block to make the support matrix with a synthetic 
strategy that is referred to as the method of sequential additions. While this synthetic strategy has 
some elements of molecular imprinting, in it a metal active site replaces the traditional 
templating agents. As previously described, a templating agent may be employed during 
synthesis to influence the shape and morphology of the material and then subsequently removed 
allowing a metal-based active site to bind in its place. In this new synthetic approach, high valent 
metal complexes (e.g. TiCl4, VOCl3, WCl6) are used as templates and the matrix is built around 
these catalytic sites. Successful development of a targeted vanadium single-site heterogeneous 
catalysts has been reported using this building block methodology.[74] 
This targeted methodology for preparing single-site catalysts requires three elements 
during synthesis: a molecular building block, active and inert linking agents, and the method of 
sequential additions. The robust trimethyltin functionalized closed cage silsesquioxane building 
block, Si8O20(SnMe3)8, is used as the silicate source due to its ability to keep the active sites 
well-dispersed in the material.  The building block undergoes a series of irreversible cross-
linking reactions with the catalytically active linking agent followed by the inert linkers. Similar 
to the non-hydrolytic sol-gel synthetic method, this synthesis is performed in non-aqueous 
conditions to avoid the condensation of metal chloride or alkoxide functional groups in the 
precursors to form metal oxide domains. Each of these elements will be explored in the next 
sections. 
3.1.2 The Building Block 
 A crucial element in the synthesis of single-site heterogeneous catalysts using the 
building block methodology is the choice of a suitable molecular building block. There are a 
large variety of building blocks available in a synthetic chemist’s toolbox.[75-76] An ideal 
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building block would be chemically and thermally robust with an efficient synthesis that 
produces large quantities in high yields. In addition to these properties, the selection of a suitable 
building block increases control over the active sites to create the isolation and homogeneity 
required of a single-site heterogeneous catalyst. 
The Barnes group selected the crystalline spherosilicate trimethyltin substituted cubic 
silsesquioxanes, Si8O12(OSnMe3)8 as their building block, which was previously shown to react 
with many metal chlorides under anhydrous conditions by Feher and Weller.[77-78] As 
mentioned previously, silica is often used as a support material for heterogeneous catalysts. 
Thus, a synthetic silica support matrix is constructed from this building block precursor. The 
core of the building block is a cubic arrangement of silicon and oxygen atoms, with the benefit of 
silica being chemically and thermally robust satisfying one of the above requirements, Figure 
27.  Each of the silicon vertices (in blue) has a terminal oxygen atom (in red), which is directed 
away from the core structure, which operates as the linking point for metal active sites. The 




Figure 27: Graphical illustration of the core of the Si8O20 building block showing the separation 
distances of oxygen linking points. Silicon is blue and oxygen is red. 
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 As reported in literature, the trimethyltin silsesquioxane (Si8O12(OSnMe3)8), which will 
be referred to as “tin-cube”, can be efficiently synthesized in high yields.[77] The eight terminal 
oxygen atoms that are bound to the silicon vertices are functionalized with trimethyltin capping 
groups (-SnMe3, shown in green, Figure 28).  The highly reactive trimethyltin groups readily 
reacts with high valent metal chlorides and main group chlorides to produce cross linked solids. 
Figure 29 shows a simple metathesis reaction (cross-linking), performed under mild conditions, 
forming M-O-Sicube linkages with the loss of trimethyltin chloride (ClSnMe3). 
 The ability to develop an anhydrous synthetic method that utilizes materials that are 
efficiently synthesized in high yields is a requirement for technological development. The work 
by Feher and Weller lead to the advancement of the building block methodology as described by 
the Barnes group. The choice of a rigid, robust building block not only provides spatial, isolated 
distribution of metal active sites but can also increase the pore sizes of the materials as compared 
to using smaller molecules for building blocks. This increase in pore size is due to the 




Figure 28: Graphical illustration of the cubic structure of the trimethyltin silsesquioxane 
building block, Si8O12(OSnMe3)8. Silicon is blue, oxygen is red and the trimethyltin groups are 




Figure 29: Metathesis reaction between reactive trimethyltin group on building block and high 
valent metal chloride. 
 
 
Therefore, highly “defected” amorphous solids develop with significant void volumes between 
cubes which ultimately become the pores in the final solid. Consequently, broad pore size 
distributions are expected. Additionally, selection of a suitable building block is necessary as the 
pore size maxima scales with the building block size.   These advancements led to the successful 
development of several single-site heterogeneous catalysts.[46] 
3.1.3 Linking Agents 
 There are two different types of linking agents involved: 
1. Active site precursor/linking agent: These are used to insert the catalytically active 
metal sites to the developing matrix.  These are generally high valent metal chlorides 
such as TiCl4, VCl4, ZrCl4 and AlCl3 just to name a few. 
2. Inert linking agent: These are used to further cross-link the matrix in the second 
cross-linking step and allow it to grow into a robust support material. This step not 
only produces a stable heterogeneous matrix but creates mesoporosity which allows a 
much broader array of small molecule substrates in comparison to microporous 
solids. Some examples of inert linking agents are SiCl4, Me2SiCl2 and HSiCl3. 
There is a wide variety of organosilyl chlorides commercially available that can be used 
in the second crosslinking step. These linking agents as well as high valent metal and main group 
chlorides, readily hydrolyze, necessitating the use of air-sensitive Schlenk techniques and 
nitrogen atmosphere gloveboxes. The main type of catalyst synthesized in this dissertation 
involves linking polynuclear titanium active sites precursors with targeted connectivities to the 
silica support matrix, therefore, titanium will be the catalytically active metal used as an example 
in the synthetic strategy described next. 
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3.1.4 Method of Sequential Additions 
 The method of sequential additions is a key part of this strategy to prepare a targeted, 
isolated, well-dispersed single-site heterogeneous catalyst. The foundation of this methodology is 
based on two separate cross-linking steps. In the first step, the connectivity of a catalytically 
active metal center to the support matrix is fixed by making the active meta precursor the 
limiting reagent. Assuming all M-Cl bonds react with tin groups on the cube, the maximum 
limiting connectivity will be achieved at each metal center. This targeted connectivity is 
achieved through the careful control of the dosing of active linking agents to a solution of the tin-
cube.  The second cross-linking step involves building the robust support matrix to possess high 
surface area and mesoporosity. The next section will describe how the development of a matrix 
requires a well-defined linking reaction. 
3.1.5 The Cross-linking Reaction 
 The cross-linking of the linking agents to the building block is driven by the oxophilicity 
of these high valent metals and involves a simple metathesis reaction using a non-hydrolytic sol-
gel method. Equation 6 shows the irreversible cross-linking reaction involving the chloride 
ligands on the linking agents and the functional groups present on the corners of the tin-cube. 
𝐿 𝑀 𝐶𝑙    ≡ 𝑆𝑖 𝑂 𝑆𝑛𝑀𝑒    →    ≡ 𝑆𝑖 𝑂 𝑀 𝐿   𝑀𝑒 𝑆𝑛 𝐶𝑙 
 Equation 6 
The metathesis reaction for this work forms a new metal siloxane linkage in the first cross-
linking step, M-O-Si (M=Ti or Si), and a byproduct: trimethyltin chloride (Me3SnCl). The total 
number of metal siloxane linkages to the support is dictated by the number of chlorides on the 
linking agents and the number of trimethyltin groups present on the building block. The number 
of linkages to the support material reflects the connectivity of the active linking agent. This 
concept will be discussed in detail below. 
 As mentioned above, the linking reaction is irreversible and upon formation of a new 
metal siloxane linkage the equilibrium will not shift back to the reactants (MCln and  ≡SiOSnR3) 
or react with any M-O-Si bonds in the system. However, a long-standing problem with a sol-gel 
synthesis is the inability to control a reaction when two different metal alkoxides are present 
during the condensation reactions. This problematic issue is overcome by using non-aqueous 




Figure 30: Generic illustration of a cross-linking reaction between a building block with ligands 
A and linking agents with ligands B. 
 
 
react with each other to form a trimethyltin ether, (Me3Sn)2O, nor will chloride ligands on two 
linking agents react to form Cl2 and a metal-metal bond (M-M). Figure 30 is a generic 
illustration to describe these reactions using a simplistic building block containing ligands A and 
linking agents using ligands B. 
3.1.6 Connectivity 
As mentioned above, the method of sequential additions proceeds in two separate steps: 
first achieving a targeted connectivity between the active site present in the matrix and second, 
building a robust, long-range matrix.  To meet Taylor’s criterion of a “single-site” there must 
exist only one specific type of connectivity of the active site to the matrix. With regard to the 
building block methodology, connectivity is the number of linkages between the catalytically 
active metal ensemble and the building block matrix. For example, when using TiCl4 as the 
active linking agent, the method of sequential additions can produce two independent types of 
connectivity to the building block matrix, surface or embedded active sites. The synthesis of 
either of these types of active sites may also be controlled by the order the linking agents are 
introduced to the synthesis. Surface sites will have a limited connectivity to the matrix while the 
embedded sites achieve a maximum connectivity to the matrix, in the case of TiCl4, connectivity 




When considering TiCl4 as the active linking agent, the first crosslinking reaction will 
produce four Ti-O-Si linkages to the building block matrix, as seen in Figure 31. The first cross-
linking reacts tin-cube with an empirically determined amount of active linking agent, TiCl4, to 
obtain maximum connectivity of the active site to the matrix (determined gravimetrically by the 
amount of trimethyltin formed). It is essential to use a limiting amount of the active linking agent 
during the first cross-linking reaction which allows all the chlorides on the active linking agent to 
react with the trimethyltin groups on the tin-cube, and if this is the case than every catalytically 
active site will have the same identical maximum connectivity (e.g. TiCl4 = 4-connected Ti (4C-
Ti), Figure 31). Once the active sites reach maximum connectivity, the oligomers that result are 
subjected to a second cross-linking with an appropriate dosage of an inert linking agent such as 
SiCl4 or Me2SiCl2. The second linking reaction reacts the oligomers with the remaining 
trimethyltin groups using the inert linking agent to grow the matrix around the embedded metal 
active sites, as shown in Figure 32. Following this methodology, all chlorides on all titanium 
atoms of the active linking agent are reacted and form identical Ti – (OSi≡)4 sites which satisfy 








Figure 32: Illustration of the second cross-linking of the method of sequential additions 
involving the oligomer from the first cross-linking and an inert linking agent.  
 
 
The 4-connected fully embedded titanium site (4C-Ti) using the method of sequential 
additions has been described so far, but this strategy can be extended to include single-site 
catalysts containing intermediate connectivities.  Figure 33 illustrates the full range of 
connectivities using single atom titanium species as the active linking agents. Using different 
mononuclear titanium precursors during synthesis can produce the intermediate connectivities, 2-
connected (2C) and 3-connected (3C) single-site catalysts shown in Figure 33. With respect to 
the 1-connected species, in practice, having only a single connection to the matrix, while 
satisfying the single-site criteria, is not realistic as the probability of leaching of the active site 
would be very high. The chloride ligands on the active linking agent is limiting parameter that 
controls connectivity to the matrix, TiCln(OR)4-n (n = 1-4).  Therefore, the targeted connectivity 
for a particular single-site catalyst, following the sequential addition strategy, can be obtained by 
selecting a titanium linking agent with a specific number of chloride ligands that match the 
desired connectivity (e.g. targeted connectivity of 3 = titanium linking agent with 3 chloride 
ligands).  This methodology is successful for all targeted connectivities as it has been previously 
shown that alkoxy ligands (-OR) bound to the titanium center are unreactive towards the O-
SnMe3 functional groups on the corners of the tin-cube during the linking reactions.[55] While 
these alkoxy ligands essentially “block” unwanted connections to the tin-cube during synthesis, 
they may be eliminated or exchanged from the titanium active site during catalytic reactions. To 




Figure 33: (top) Mononuclear titanium active linking agents used to target connectivities to the 
matrix, (bottom) the dosing of the active linking agent to the building block matrix creating the 
4-connected (left), 3-connected (middle left), 2-connected (middle right), 1-connected (right) 











of sequential additions, to develop a complete family of well-dispersed, mononuclear titanium 
single-site catalysts with varying targeted connectivities to the silica support. 
Dr. Nan Chen used the method of sequential additions strategy to incorporate a 
polynuclear titanium active linking agent for the synthesis of an isolated, well-dispersed single-
site heterogeneous catalyst.[55] Her work was analogous to the mononuclear single-site catalysts 
described above and involved embedding the tetranuclear [Ti4Cl6(μ2-O2CPh)6(μ3-O2] molecular 
complex, that contains a Ti-O-Ti substructure, chloride ligands, and bridging carboxylate 
ligands, into the tin-cube matrix (Figure 34). While the initial methodology held true, i.e. all 
chloride ligands reacted cleanly forming the stoichiometric amount of Me3SnCl byproduct, 
unexpectedly, the carboxylate ligands on the tetranuclear complex did not behave the same as the 
alkoxy ligands on the mononuclear counterparts. The behavior of the carboxylate ligands, as it 
relates to this work, will be further discussed in Chapter 4. Dr. Chen’s work led to the 





Figure 34: Illustration of the proposed synthesis of a tetranuclear single-site heterogeneous 
catalyst using the [Ti4Cl6(μ2-O2CPh)6(μ3-O2] molecular complex and the tin-cube building block. 
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3.1.7 General Conclusion 
 The sequential additions synthetic strategy has been proven effective in the development 
of mononuclear, well-defined, isolated single-site heterogeneous catalysts. The above examples 
used titanium species as the active linking agent, but this synthetic approach is quite general and 
can be utilized for a variety of active metal centers and suitable building blocks which can 
potentially catalyze a wide variety of selective oxidation reactions.  This synthetic methodology 
produces a single type of active site thereby drastically reducing or eliminating the formation of 
multiple types of active sites.  Developing a material with multiple types of active sites can 
generate several products during catalysis, which leads to a reduction in selectivity to a preferred 
product.  Additionally, determination of catalytic reaction mechanisms becomes much more 
challenging when multiple active sites are present in the material.  While the criterion for a 
single-site catalyst does also include the isolated dispersion of the active site within the matrix, 
the ability to create a single type of active site is paramount in the overall synthesis of a single-
site heterogeneous catalyst.  Finally, characterization of single-site heterogeneous catalysts, 
while difficult in its own merit, does allow spectroscopic data, such as from XAS and NMR, to 
be more simple and easier to interpret than systems with multiple sites as it does not contain 
overlapping or interfering signals from multiple types of sites. 
The development of the synthetic protocol for the Ti3O2-bb catalysts presented in this 
work involved investigations into varying linking agents and reaction conditions, with the ideal 
reaction parameters described in Chapter 4. We characterized these materials by spectroscopy, 
and obtained materials with a range of activity, that we will define as high activity and low 
activity. The highly active catalyst is a factor of 10 times faster than low activity catalysts and we 
will explain these differences in catalytic activity in Chapter 5 as well as brief discussions in the 
characterization sections. 
3.2 Characterization 
In the last half century, there have been many techniques employed for the 
characterization of active sites in heterogeneous catalysts.  Some of the spectroscopic techniques 
used are Raman, IR, UV-Vis, scanning/transmission electron microscope (SEM/TEM), x-ray 
absorption spectroscopy (XAS) and magic angle spinning (MAS)-NMR, just to name a few, 
provide information about the material in its entirety.  The techniques that investigate the surface 
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layers typically responsible for most catalytic activity, are x-ray photoelectron spectroscopy 
(XPS), scanning tunneling spectroscopy (STM), atomic emission spectroscopy (AES), low-
energy electron diffraction (LEED), etc. Characterization of the active site in heterogeneous 
catalysts, while challenging, is possible with a combination of spectroscopic techniques. 
3.2.1 Introduction 
 A major challenge in the heterogeneous catalysis community is in the development of an 
accurate description of catalyst material and the active site. This challenge is generally caused by 
the amorphous and insoluble nature of these catalysts which prevents typical spectroscopic 
techniques, such as x-ray crystallography and solution NMR, from being effective.  Taking into 
consideration that individual characterization techniques, each by itself, fail to identify the metal 
active site completely, a combination of techniques might provide enough information to 
describe the catalytic ensemble at the atomic level. Traditional synthetic procedures described in 
Chapter 2 for preparing heterogeneous catalysts typically produce multiple types of catalytically 
active sites making characterization of these sites difficult if not impossible.  However, a major 
benefit when using the building block approach and method of sequential additions is that the 
presence of one type of active site allows uncomplicated interpretation of data obtained from 
multiple physical and spectroscopic characterization techniques. This characterization 
information pertaining to the active site can be put together like a puzzle to develop a more 
complete picture of the catalyst ensemble and its connectivity to the support. 
 Knowledge of the capabilities of each physical and spectroscopic characterization 
technique is mandatory when determining the properties of a material and staking the claim that 
a single-site heterogeneous catalyst has successfully been developed.  Each technique can 
provide important information about the catalyst ensemble and the surface functionality. In terms 
of the catalyst ensemble, gravimetric analysis data can identify composition and connectivity to 
the support. Vibrational techniques such as infrared and Raman spectroscopy identify and often 
quantify some metal-to-surface interactions. Additionally, employing inductive coupled plasma 
optical emission spectroscopy can provide elemental analysis data for the material and determine 
the concentration of the active metal centers in the solid material. Finally, diffuse reflectance 
UV-Vis (DRUV) and X-ray adsorption spectroscopy (XANES and EXAFS) are valuable tools in 
determination of the local environment around the catalytically active metal center, providing 
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information about the oxidation state, coordination geometry and atoms present in the first and 
sometimes second coordination spheres. Regarding the support properties, nitrogen 
adsorption/desorption experiments can provide valuable information about the surface area, pore 
sizes, and overall porosity of a material.  
 In addition to the above characterization techniques, catalytic activity is an invaluable 
secondary characterization technique which is often the first technique employed post-synthesis. 
Catalytic activity, using philosophical or pragmatic criteria for new and better catalysts, is the 
most important information to obtain. If a new material is not active or not better than known 
materials, then is more detailed characterization worth the effort?  The determination of physical 
properties with various techniques offers evidence of the chemical make-up of a material, 
however, catalysis can evaluate the performance and most importantly the activity of a material. 
Each of the characterization techniques used to evaluate the materials synthesized in this 
research will be briefly described in the following sections. 
3.2.2 Gravimetric Analysis 
A major challenge that is faced in preparing single-site heterogeneous catalysts is 
characterizing the local structure around the titanium catalyst ensemble at the atomic level. 
Connectivity, as described above, is defined as the number of linkages from the catalyst 
ensemble to the silica matrix, i.e. (Ti – O – Si)n. To support the assertion that the catalysts 
presented in this work are single-site, their connectivities must be “well-defined”. Well-defined 
in this context means that every catalyst ensemble in the sample has exactly the same 
connectivity as the measured value.  The measured value cannot represent an average over 
multiple sites with different connectivities. An experimentally simple and accurate first line of 
characterization to determine connectivity is gravimetric analysis combined with the limiting 
connectivity strategy described above. 
In the work described in this thesis, a Ti3O2Cl3(μ2-O2CPh-p-Me)5 precursor is used as the 
active metal linker. Additionally, compared to previous mononuclear titanium catalysts, a new 
species, “trimethyltin ester” is now present and will be discussed in Chapter 4. Experimental 
gravimetric data obtained during the synthesis is defined as the weight change after a linking 
reaction has been completed. These data indirectly offer accurate information about the titanium 
coordination; the exact stoichiometry of the linking reactions defines one part of the final 
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catalytic site in the matrix and indirectly because we intuit that each Cl-SnMe3 is assumed to 
result from the formation of one Ti – O – Si link or “connection” (Equation 7).  Due to the 
irreversibility of the metathesis reactions occurring between the trimethyltin groups of the 
building block and the reactive organic ligands on the Ti3O2 precursor, the formation of the 
volatile byproducts (ClSnMe3 and PhCO2SnMe3) allows for the initial prediction of the 
connectivity to the titanium active site.  
During the initial drying stage of the first cross-linking only the formation of ClSnMe3 is 
observed allowing for the quantification of the removal of the chloride ligands from the titanium 
active site, as seen in Equation 7. The final step of the first cross-linking allows for determining 
the amount of PhCO2SnMe3 removed from the system (Equation 8).  Therefore, by measuring 
the mass before and after each step of the reaction the amount of trimethyltin byproducts can be 
calculated and the average connectivity of the active site to the matrix, Ti-O-Si, can be obtained 
immediately during synthesis. 
 𝑇𝑖 𝐶𝑙 𝑂 𝐶𝑃ℎ 𝑂 𝑐𝑢𝑏𝑒    →    3 𝐶𝑙𝑆𝑛𝑀𝑒 𝑂 𝐶𝑃ℎ 𝑂 𝑇𝑖 𝑂 𝑆𝑖 𝑐𝑢𝑏𝑒
 Equation 7 
𝑂 𝐶𝑃ℎ 𝑂 𝑇𝑖 𝑂 𝑆𝑖   𝑐𝑢𝑏𝑒    →     5 𝑃ℎ𝐶𝑂 𝑆𝑛𝑀𝑒   𝑇𝑖 𝑂 𝑆𝑖 𝑂              
 Equation 8 
Following the above equations, the stoichiometric number of Ti-O-Si linkages formed is 
equivalent to the quantity of trimethyltin byproducts lost.  Therefore, the connectivity (i.e. 
number of ligands reacted, or number of Ti-O-Si linkages formed) can be calculated with 
Equation 9 by knowing the initial titanium amount ratioed to the amount of trimethyltin 
byproduct lost. However, gravimetrically derived connectivity uniquely defines the connectivity 
of every site only when limiting connectivity is achieved in the first cross-linking reaction. 
 
 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦  Equation 9 
Gravimetric data (i.e. weight changes) provides indirect but quantitative information 
which is proportional to the bonding between catalyst ensembles and the surrounding building 
blocks. The trinuclear titanium precursor and the building block proceed through a complex set 
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of reactions and gravimetric analysis is indirectly effective in gaining an initial understanding of 
what reactions occur and determining connectivity in titanium’s inner coordination sphere. 
3.2.3 Nuclear Magnetic Resonance Spectroscopy 
Characterization of heterogeneous catalysts using traditional solution nuclear magnetic 
resonance (NMR) is of limited use. Homogeneous catalysts rely heavily on solution NMR 
whereas heterogeneous catalysts typically consist of metals on a solid support which are 
generally not soluble in NMR solvents. In regard to solid state NMR (ssNMR), many elements 
have viable NMR active nuclei which allow for ssNMR characterization, but the titanium nuclei 
present in the catalysts synthesized in this work are not feasible candidates for ssNMR. However, 
29Si does have a NMR active nuclei suitable for solid state detection but this would only 
characterize the support matrix which provides only limited insight into the active site of the 
catalyst.  
Solution NMR is a widely used spectroscopic technique for molecular structure 
determination in many chemistry and biological fields.[79]  Synthetic chemists rely on 
information obtained from NMR spectra for structural elucidation such as chemical shifts, scalar 
J couplings and relative signal intensities. It is important to ensure all signals are fully relaxed to 
avoid saturation effects. The chemical shift is the resonant frequency of a nucleus (e.g. 1H, 13C) 
compared to a reference molecule. Figure 35 shows an example of how the chemical shift and 
relative intensities of the signals help to determine the nature of the atomic connectivity leading 
to structural identification.  Scalar J couplings are a result of two spin active nuclei that are in 
close proximity to one another (typically < 4 bond apart) producing multiplet patterns from a 
through-bond coupling mechanism. An inherent feature of this type of characterization is that the 
coupling constants obtained from the splitting pattern indicate a distinct nuclei arrangement for a 
specific molecule. Utilizing all these features obtained from NMR experiments allows for the 
identification of molecular species in solution. 
In this work, solution proton NMR (1HNMR) is used to monitor the synthesis of the 
titanium precursor, Ti3O2Cl3(μ2-O2CPh-p-Me)5, as well as all volatile byproducts formed during 




Figure 35: 1HNMR spectrum of a mixture of (A) ɣ-amino butyric acid and (B) n-butyric acid. 
The relative integral values of intra-molecular resonances are shown across the top of the figure. 










range species (second crosslinking) are not soluble in NMR solvents, any residual trimethyltin 
byproducts present will be detected. Table 4 shows the species (with signature 1HNMR signals) 
detected in the work presented here. 
In addition to characterization during the catalyst synthesis stage, 1HNMR plays an 
important role in obtaining kinetic data for the catalytic epoxidation reaction in this thesis.  
Quantitative NMR (qNMR) is an ideal technique for determination of multiple components in a 
complex mixture. When an internal standard is used, qNMR allows for the determination of 
purity and concentration of reactants and products.  Bharti et al[80] have described the 
quantitative inaccuracy of qNMR to be within the acceptable limit of precision, less than 2.0%.  
Equation 10 shows the important principal relationship of qNMR which revolves around the 
signal intensity and its direct proportionality to the number of active spin nuclei contributing to a 
specific resonance. IX is the signal integration, Ks is the spectrometer constant which remains the 
same for all resonances in an NMR spectra, and NX is the number of spins contributing to a 
specific resonance signal. 
𝐼  𝐾 𝑁    Equation 10 
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To determine the concentrations of two different compounds in a solution we first begin by 
ratioing the two distinct proton resonance lines (X and Y) within the same spectrum, as seen in 
Equation 11. 
    Equation 11 
Ultimately, the molar concentration (C) can be directly calculated from the molar ratio MA /MB 
between the two compounds A and B, with compound A being the internal standard, following 
Equation 12. 
𝐶    𝐶 ∗   Equation 12 
 Employing the qNMR technique to monitor catalytic reactions has been widely used as a 
simple and fast method to follow the kinetics of a reaction. Additionally, it is necessary to use an 
internal standard which exhibits resonance lines that do not interfere with any of the resonance 
lines associated with the reactants or products as well as be inert to the catalytic reaction.  All 
catalytic reactions performed in this research used qNMR as the primary technique to monitor 
the kinetics of reactions. 
3.2.4 Nitrogen Adsorption/Desorption Measurements 
The rate of a catalytic reaction is directly related to the number of active sites in the 
material, the porosity, and surface area of the catalyst.[81]  In industry, heterogeneous catalysts 
are tailored to maximize porosity and achieve high surface areas typically ranging from 100 to 
1000 m2/g.  An issue when studying kinetics is whether the rate limiting step is dependent on 
mass transport phenomena or chemical interactions.  An important question in this context is, 
does mass transport only become an issue within the bulk of the material? Mass transport refers 
to the rates with which a substrate diffuses to the active site through the pores of the catalyst, and 
then after being chemically transformed into product, the rate that it releases and diffuses away 
from the active site thus reopening the active site. Therefore, small pore sizes can cause mass 
transport kinetics to be slow (depending on bulkiness of substrate) compared to larger pores 
which allow substrate to arrive at active sites faster.  It is important to ascertain whether the 
kinetics of epoxidation reactions are limited by mass transport or chemical interactions.  Once 
substrate arrives at the active site, all kinetics involved are now chemical.  But, when an epoxide 
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is formed, and if the newly formed oxide is sterically larger, will it potentially be trapped near 
the active site or in pores and does this now become a mass transport issue again?  Ideally in 
heterogeneous catalysts, mass transport steps should be fast relative to chemical rates. This 
property can be probed with gas adsorption experiments which will provide information on the 
structure of the pores (e.g. pore width and shape) and total surface area of the solid material[81-
82].   
Gas physisorption experiments are based on much weaker equilibrium Van der Waals 
interactions between gas molecules and solid particles. This technique is widely used to 
determine specific surface area, pore volume and size distribution while allowing for the 
determination of the type of porosity within the material.  
Specific Surface Area 
The specific surface area is determined from the volume of adsorbed gas (Vads, typically 
nitrogen) on the internal and external surfaces of the material at different relative pressures (p/pº) 
with pº representing the saturation pressure.[83] An adsorption isotherm is obtained by plotting 
the amount of dosed gas versus the relative pressure at a certain constant temperature.  The type 
of adsorbent material can be classified in one of the eight different types of physisorption 
isotherms as proposed by IUPAC[84] (Figure 36). The classification of these isotherms is 
qualitative, thus porous materials may not exhibit an exact fit to a particular type but contain the 
characteristic traits of a specific classification. The different types of physisorption isotherms are 
as follows: 
Type I isotherm: microporous material having small external surfaces. This type of 
isotherm is governed by accessible micropore volume at very low p/pº. Type I(a) 
dominated by narrow micropores (width < 1nm); Type I(b) indicates materials with a 
broader range of pore size distribution covering micropores to narrow mesopores (< 
2.5nm). 
Type II isotherm: nonporous or macroporous materials. The shape of the isotherm results 
from the formation of multilayers of adsorbate on surfaces of the material. The knee at 
point B corresponds to the completion of the monolayer coverage. 
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Type III isotherm: nonporous or macroporous materials. The absence of a knee (point B) 
relates to no monolayer formation; relatively weak adsorbate-adsorbent interactions. 
Type IV isotherm: mesoporous materials, 2-50 nm. The initial monolayer-multilayer 
adsorption on the surface walls is followed by capillary condensation (phenomenon 
where gas condenses in a pore at a pressure less than the saturation pressure pº).  Type 
IV(a) isotherm: shows the capillary condensation followed by a hysteresis due to the pore 
width exceeding a certain critical width. The hysteresis is dependent on the adsorption 
system and temperature. Type IV(b) shows a completely reversible isotherm for materials 
having smaller mesopores. Materials having conical and cylindrical mesopores that are 
closed at one end fall into this type. 
Type V: mesoporous materials. At low p/pº, weak adsorbate-adsorbent interactions while 
at higher p/pº molecular clustering is followed by pore filling. This is an uncommon type 
of isotherm which is usually observed for water adsorption on hydrophobic 
micro/mesoporous materials. 
Type VI: nonporous material. Layer by layer adsorption on a highly uniform surface. 
This type is uncommon also.   
Hysteresis loops are typically present in the multilayer region (p/pº = 0.4 – 0.8) of 
physisorption isotherms which correlates to capillary condensation in mesopores within the 
material.  There are a variety of shapes associated with these hysteresis loops and the IUPAC has 
classified them into six different types[84] as shown in Figure 37.  Each type of loop has 
characteristic traits that are related to specific features of pore structures and fundamental 
adsorption mechanisms.  
A Type H1 hysteresis loop is often found in porous materials containing a narrow range 
of uniform mesopores (e.g. MCM-41 and SBA-15). These types of loops have been found in 
networks exhibiting spherical or cylindrical narrow mesopores. H2 hysteresis loops are exhibited 
by many porous adsorbents (e.g. inorganic oxide gels and porous glasses) and have more 
recently been split into two categories, H2(a) and H2(b). The abrupt desorption branch in H2(a) 
is indicative of either pore blocking consisting of a narrow range of pore necks or cavitation-




Figure 36: IUPAC classification of physisorption isotherms of different materials. Figure 




Figure 37: IUPAC hysteresis loop classifications. Inset figures intended to depict pore shapes: 




necks associated with pore blocking. The H3 loop does not show any limiting adsorption at high 
p/pº and are indicative of materials with non-rigid aggregates of plate-like networks (e.g. certain 
clays).  Similar to H3 hysteresis loops, H4 loops have a more notable uptake at the knee which is 
associated with the filling of the monolayer. This type of loop is indicative of materials with 
narrow slit-like pores such as mesoporous zeolites and micro-mesoporous carbons. The final 
type of hysteresis loop, H5, is an unusual one as its peculiar shape describes networks containing 
open and partially blocked mesopores.  The low-pressure hysteresis (dashed lines in Figure 37) 
is present in many materials containing micropores. This anomaly can be linked to the swelling 
of a non-rigid porous network, the irreversible uptake of the adsorbate into pores that are about 
the same width as the adsorbate or, for some networks, an irreversible chemisorption between the 
adsorbate and adsorbent[85]. 
The nitrogen adsorption/desorption isotherm from a physisorption experiment of 




Figure 38: Nitrogen adsorption/desorption isotherm of DavisilTM silica gel. Blue squares 
represent adsorption branch and orange triangles represent desorption branch. 
 
 
maximum in the pore size distribution (PSD) are determined to be 273 m2/g and 16 nm 
respectively, which is consistent with manufacturer data. The isotherm is characteristic of Type 
IV and the hysteresis loop is classified as Type H1. DavisilTM is a known mesoporous silica gel 
and data obtained from our physisorption experiments is in line with this classification. 
The specific surface area of a material can be determined if the number of adsorbate 
molecules in the monolayer and the volume of one molecule are known. Typically, the knee in 
the isotherm (point B) represents the volume of the monolayer but at times the knee can’t be 
determined accurately. The development of models with the ability to better determine the 
monolayer capacity of a material are currently ongoing. Theories such as the Langmuir model 
and Braunauer-Emmett-Teller theory (BET) are widely used to determine specific surface area. 
Currently, the BET method is the most widely accepted model for evaluating monolayer-
multilayer adsorption to determine specific surface area but is limited due to several assumptions 
of the material: the surface is flat, all adsorption sites are energetically equivalent, the absence of 
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flanking interactions between absorbates, and the multilayer can contain an infinite number of 













with p as equilibrium pressure and pº being the saturation pressure of the material at adsorption 
temperatures, n is the specific amount adsorbed at the relative pressure p/pº, C is an empirical 
constant related to the energy of adsorption of the first adsorbed layer indicating the magnitude 
of the adsorbent/adsorbate interaction energy and nm is the specific monolayer capacity. 











The range of linearity of the BET plot is typically restricted to relative pressure (p/pº) between 
0.05 – 0.3 as capillary condensation occurs at higher p/pº values which renders the BET equation 
invalid. 






with NA being Avogadro’s constant, M is the molecular weight adsorbate and σ is the cross-
sectional area of adsorbate. The surface area of DavisilTM is given in Figure 38. 
Pore Size Distribution  
Estimation of pore size distribution (PSD) is traditionally calculated with the Barrett, 
Joyner, and Halenda method (BJH) but more recently advances in density functional theory 
(DFT) coupled with Monte Carlo molecular simulations have been proven to be more accurate 
and reliable than the BJH method[86]. PSD is based on physisorption equilibrium isotherms and 
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the BJH theory is based on two assumptions: 1) all pores are cylindrical, and 2) the amount 
adsorbed in the pores is from physical adsorption on the walls and from capillary condensation in 
mesopores. Taking these assumptions into consideration, the BJH theory does not model the 
microporous region well, which we assume is a small portion of the overall pore distribution and 
fails to accurately describe the narrow mesopores.[83]  On the other hand, DFT modeling can, 
with certain assumptions, capture the pore sizes associated with species from microporous to 
macroporous from adsorption isotherms.  
Zeolites have uniform pore size distributions, and thus, the BJH adsorption values will 
closely reflect the BET pore width due to the uniform nature of the porosity associated with these 
zeolites.  DFT modeling works well and can capture the true pore width of these uniform zeolites 
only when there is knowledge of the shape of the pores. Unfortunately, with the trinuclear 
building block matrices presented in this work, only an assumption can be proposed as to the 
shape of the pores, slit-like at best. 
Recently, the International Standard Organization (ISO)[87] recommended using DFT 
when calculating pore size distribution. Determination of PSD with DFT depends on a 








, 𝐷 ∗ 𝑓 𝐷 d𝐷 
where DM is the maximum and Dm the minimum pore sizes in the kernel with f(D) being an 
unknown pore diameter distribution function. 
There are a couple pitfalls associated with determining specific surface area and pore size 
when evaluating porous solids.  First, when evaluating surface area, using only one method is 
often inadequate and relies on a second experimental method to confirm results. X-ray 
diffraction (XRD) spectroscopy is another technique to determine surface area from crystalline 
materials. The inadequacy of only using one method is evident in surface area determination 
when comparing experimental results from XRD and gas adsorption data.[83]  It has been found 
that surface areas obtained with XRD experiments are significantly different than values 
obtained from gas adsorption experiments. Specific surface areas determined with XRD are 
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calculated from unit cell parameters whereas gas adsorption methods determine the specific 
surface area of the bulk (crystalline and amorphous particles).  Considering the catalysts being 
presented here are non-crystalline, amorphous materials, an independent method to confirm gas 
adsorption data is not possible and we will report our findings but no in depth analysis of surface 
area based solely on gas adsorption data will be attempted. 
3.2.5 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
 The determination of elemental composition and quantification is generally done with 
atomic spectroscopy techniques. This characterization technique can be classified into three 
different types, absorption, emission, and fluorescence. All materials described in this research 
were evaluated with atomic emission spectroscopy. With respect to heterogeneous catalysts, 
ICP-AES is a powerful technique to determine the presence and amount of trace metals in these 
materials. There are two components necessary for the analysis of trace metals in materials, a 
digested sample and standards. The standards are made from purchased stock solutions 
specifically for ICP analysis to establish a calibration curve of intensity versus concentration. 
The instrument disperses the digested sample into a plasma field and analyzes the signature 
emission wavelengths of the electromagnetic radiation of a particular element. This technique 
quantifies the mass percentage of the element with respect to the overall mass of the material. 
 As mentioned in the previous chapter, the active metal content in a heterogeneous 
catalyst is used for determination of the turnover number, the amount of substrate converted per 
active site, during catalysis. Ideally, when working with a true single-site heterogeneous catalyst, 
100% of the catalytically active metal present in the precursor is converted to a viable, single 
type of active site in the final material.  Traditional synthetic procedures of heterogeneous 
catalysts, however, produce multiple types of catalytic sites rendering the actual number of 
active sites indiscernible. Fortunately, employing the building block methodology to develop a 
single-site heterogeneous catalyst allows the calculation of catalytic activity on a per site basis 
(TON and/or TOF) due to the single type of active site in the final material. 
3.2.6 Fourier Transform-Infrared Spectroscopy 
 Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique that is used to 
identify organic and inorganic functional groups. IR spectroscopy is widely used to characterize 




Figure 39: (a) IR spectrum of thin pellets of silicalite (curve 1) and TS-1 with increasing 
titanium content x (curves 2-5). The horizantal lines represent the FWHM of the 960 cm-1 bands. 
(b) Shows intensity (W) of the 960 cm-1 band as a function of the TiO2 wt %. From ref.[89]. 
  
 
simple method to determine if titanium has been incorporated into a silica support. Some of the 
commonly seen vibrational modes used for characterization include νsym(Si-O-Si), ν(Si-OH), and 
ν(Ti-O-Si). 
The heterogeneous catalyst, TS-1, is the most widely studied titanosilicate and serves as a 
basis for the characterization of a plethora of similar catalysts. With respect to IR spectroscopy, 
the substitution of titanium atoms into the TS-1 silica framework generates an additional 
characteristic vibrational band in the fingerprint region, ~960 cm-1, which is attributed to the 
ν(Ti-O-Si) stretch.[89] A typical IR spectrum of TS-1 is shown in Figure 39.  The spectra 
focuses on the region between 600 and 1100 cm-1 and compares different titanium concentrations 
in TS-1 to a Ti-free material.   It is evident the Ti-free material does not contain the signature 960 
cm-1 Ti-O-Si band while this band increases proportionally with titanium content for the other 
four materials. Since the introduction of TS-1, other titanosilicates such as TS-2, Ti-ZSM-48, 
and Ti-MCM-41[57] have displayed this signature Ti-O-Si band in the 960 – 970 cm-1 




Figure 40: IR spectrum of tin-cube building block. The main features used for characterization 
have been labeled. Inset: tin-cube with one of eight corners showing O-SnMe3 functional group. 
 
 
dispersed titanium atoms embedded in an (ordered) silicate matrix attributed to the Si-O bond 
stretching in the Ti-O-Si linkages. It should be noted however, IR spectra of amorphous silicate 
supports generally give rise to broadened vibrational bands that can obscure the 960 cm-1 band 
making it appear as a shoulder on the silicate band. 
The full IR spectrum of the tin-cube building block can be seen in Figure 40 with the 
main characterization features being labeled. Viewing the IR spectra of the tin-cube brings up 
two additional regions of importance that need to be highlighted as these characteristic bands are 
used to characterize the catalyst and supports synthesized in this research. First, bands in the 
aliphatic C-H region, 2800 – 3000 cm-1 corresponds to the methyl groups of the trimethyltin 
functional groups. This region is key in monitoring the loss of trimethyltin groups during the 
linking reactions of the sequential addition strategy. The second region of interest is located 
between 3400 and 3800 cm-1. This region is monitored for the presence of a broad feature 
indicative of the presence of silanol groups (-OH). Considering the synthesis proceeds via a non-
hydrolytic method, the appearance of a feature in this region indicates the catalyst experienced 
some exposure to air (water) during synthesis. 
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 Finally, IR spectroscopy is used to identify the loss of ligands on the catalyst ensemble. 
The trinuclear precursor contains chloride and carboxylate functional groups that, during the 
synthesis, are incorporated into byproducts that are monitored with IR spectroscopy. 
3.2.7 Diffuse Reflectance UV-Visible Spectroscopy 
 Diffuse reflectance UV-visible spectroscopy (DRUV) is an optical phenomenon in the 
UV-visible region which is used to obtain electronic information of opaque powder or crystalline 
materials (e.g. titanosilicates). This characterization technique involves bombarding the surface 
of a sample with UV/Vis radiation (white light) and measuring two types of reflections from the 
material, diffuse and specular reflections, Figure 41. A material with a smooth, glass-like 
surface will not allow any transmittance into the material, producing mainly specular reflection. 
Diffuse reflections are a result of the incident radiation penetrating a dull or matte surface of a 
sample, scattering within the sample, and the detector subsequently measuring the reflectance 
intensity.  A detector collects the data and produces a reflectance spectrum of the surface-
reflected incident radiation as a function of frequency (ν, cm-1) or wavelength (λ, nm).  
In specular reflections, the resulting angle of reflection equals the incoming incident 
angle, as seen in Figure 41, while the angle of reflection in diffuse reflection is independent of 
the incident angle due to a combination of several scattering patterns: diffraction, reflection, and 
refraction. It must be noted that specular reflections can be present with diffuse reflections 
making data interpretation much more difficult to interpret. However, as will be described below, 
careful sample preparation and data acquisition can minimize or eliminate specular reflections. 
Through the years, many theories have been used to analyze diffuse reflections with the 
most prominent theory being developed by Kubelka and Monk.[91-93]  When assessing diffuse 
reflections with the Kubelka-Monk theory four assumptions must be made: 
1) No specular reflections are present. 
2) Particle size is a fraction of overall sample thickness. 
3) The sample thickness is large enough that incident radiation never penetrates deep 
enough to reach the sample holder. 





Figure 41: Graphical illustration of the two types of reflections present in DRUV 
experimentation, Specular and diffuse reflections. 
  
 
The Kubleka-Monk function gives the conversion of reflectance data into the parameter 
F(R∞). One way to express the Kubelka-Monk theory is shown in Equation 13, with 𝑅  being 
the diffuse reflectance of a sample with infinite thickness, k is the molar absorption coefficient of 
the sample, and s being the scattering coefficient. 
𝐹 𝑅      Equation 13 
 One of the assumptions mentioned above involves the absence of specular reflections in 
Equation 13. This assumption holds true when the sample is prepared with a low- or non-
absorbing diluent which allows any specular reflections to closely resemble the standard.  This 
mirroring of specular reflections cancels this component out of the equation leading to Equation 
14.[94] 
𝐹 𝑅      .  ∁  Equation 14 
 Analogous to Beer’s law regarding transmission spectroscopy, Equation 14 reflects the 
method to quantify the linear relationship between sample concentration and reflectance. Where 
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K is two times the molar absorption coefficient, S is twice the scattering coefficient, ε is the 
extinction coefficient, and C is the molar concentration.[94] 
𝑙𝑜𝑔 𝐹 𝑅  𝑙𝑜𝑔 𝜀 𝑙𝑜𝑔 .  ∁  Equation 15 
Presentation of diffuse reflectance data are generally done by plotting log F(Rꝏ) as a 
function of frequency or wavelength, Equation 15. However, for diffuse reflectance data to be 
meaningful in terms of absorption or transmission, the data are plotted as log (1/Rꝏ) versus 
frequency or wavelength, which is termed “apparent absorbance”. 
 As previously mentioned, a major challenge facing heterogeneous catalysts is 
determination of oxidation states and the coordination environment around the metal active site 
(e.g. transition metals). Fortunately, DRUV characterization techniques, in conjunction with 
other spectroscopic techniques, can sometimes resolve these challenges by evaluating d-d 
transitions and charge transfer transitions between the metals and ligands. With respect to 
titanosilicates, ligand-to-metal charge transfers (LMCT) occur between coordinated ligands, 
typically oxygen, to empty d orbitals of Ti4+ (𝑇𝑖 𝑂  →  𝑇𝑖 𝑂 ). These LMCT can be 
determined from the optical electronegativities χ of X (X = H-O-, Si-O-, C-O-, etc) and Ti4+ 
according to Equation 16.[95] 
?̅? 𝑐𝑚   30 000 𝜒 𝑋  𝜒 𝑇𝑖   Equation 16 
According to literature, the term 𝜒 𝑇𝑖  increases as the coordination number of the titanium 
ions increases.[95]  For example, as the titanium center moves from a tetrahedral to octahedral 
geometry the value of 𝜒 𝑇𝑖  moves from 1.85 to 2.05 respectively. Therefore, the LMCT 
bands assigned of octahedral titanium centers are expected to absorb at lower wavenumbers than 
a tetrahedral center. Figure 42 shows the move from a tetrahedral to octahedral coordination 
around the titanium center resulting in a red shift in the wavelength which is typical for 
heterogeneous catalysts. The P-25 TiO2 photocatalyst material (curve c) contains anatase phase 
titania domains that appear at 330-360 nm with primarily octahedral titanium centers whose 
absorption bands appear at 270-290 nm.[96] The ex. Ti/ZSM-5 material (curve a) was 
synthesized via an ion exchange (ex) method and determined to contain only tetrahedral titanium 
centers appearing at ~215 nm while the imp. Ti/ZSM-5 catalyst (curve b) was prepared by an 




Figure 42: DRUV spectra of various Ti-ZSM-5 catalysts. (a) ex. Ti/ZSM -5, (b) imp. Ti/ZSM-5, 




titanium sites occurred by this synthetic method likely producing penta-and octa-coordinated 
species with an absorbance band located ~260-270 nm. 
In addition to coordination geometry, the ligands coordinated to the titanium centers can 
influence the location of the adsorption bands.  For example, some 𝜒 𝑋  values for popular 
ligands in titanosilicates are: H-O- = 2.9, Si-O- = 3.17, H-O-O- = 3.45, and H2O = 3.5.[95] 
Therefore, when titanosilicates are hydrated, not only do they experience an increase in 
coordination of the titanium center (tetrahedral to octahedral), but also a red shift in absorbance 
due to the decrease in 𝜒 𝑋  from changing Si-O- to H-O-. An extreme example of how ligands 
can influence a DRUV spectrum is described by Melero et al.[97] The titanosilicates were 
synthesized with varying amount of titanocene dichloride as the titanium source. In Figure 43 
(I), all samples have a strong absorption band at ~210 nm attributed to tetrahedral titanium 
centers within the silica matrix. Additionally, a band is evident at ~325 nm which is typically 
ascribed to octahedral TiO2 domains.  However, upon calcination the band disappears, and the 
authors determined that this absorbance band is a consequence of residual cyclopentadienyl rings 
coordinated to the titanium sites which were subsequently removed during thermal treatment (i.e. 




Figure 43: DRUV spectrum of titanosilicate materials synthesized with increasing organic and 






band increased with higher organic content further supporting the notion that the type and 
quantity of ligands can directly influence DRUV spectrums. 
Finally, titanium wt.% present in materials can directly influence a DRUV spectrum. 
Titanosilicates with high titanium content will red shift the absorption bands due to extra-
framework titania domains in the material.[2] Figure 44 is a DRUV spectra of two titanium 
containing materials: (a)TiO2-SiO2 mixed oxide material and (b) TS-1. While both materials 
have an absorption band at high wavenumbers (~50,000 cm-1) indicating tetrahedral titanium 
sites (as confirmed by XANES and EXAFS) the TiO2-SiO2 mixed oxide has an additional 
absorption band at lower wavenumbers (~40,000 cm-1) due to the presence of extra-framework 
TiO2 domains (5- and 6-coordinated titanium centers). Additionally, the dashed lines for each 
material are representative of a hydrated state (increased coordination around the titanium center) 
and upon dehydration the absorption bands are blue shifted as a result of moving to lower 
coordination numbers. 
Figure 44: DRUV spectrum for TiO2 (a) and TS-1 (b). Solid lines indicate dehydrated 
materials and dashed lines are hydrated materials.  Figure was adapted from ref [2]. 
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DRUV Spectra and Interpretation 
As mentioned in the introduction, heterogeneous catalysts typically contain a mixture of 
active sites, of which, each have their own absorption feature in the DRUV spectrum. 
Deconvolution of DRUV spectra can be difficult due to the overlapping signals that may be 
present. Unfortunately, it is often the case that misinterpretation of DRUV data results from these 
overlapping signals as well as the affect LMCT energy transitions have on absorbance bands. So, 
in practice, DRUV data should not be used independently, but in conjunction with other 
characterization techniques. 
3.2.8 X-ray Absorption Spectroscopy 
 The last three decades have seen expanding contributions of X-ray absorption 
spectroscopy (XAS) to the scientific community. While the precise determination of atomic and 
molecular structure of materials is generally performed with diffraction-based X-ray 
crystallography, amorphous materials such as heterogeneous catalysts are not candidates for this 
spectroscopic technique. XAS however, can characterize both crystalline and amorphous 
materials making it an ideal candidate to provide local structural and electronic information 
around metal active sites in heterogeneous catalysts.[98]  
XAS is an element specific characterization technique which provides valuable 
information about the immediate environment around the element being investigated (usually up 
to ~6 Å). The next several pages will describe some fundamentals of XAS, data collection, and 
concluding with data interpretation 
Simply put, X-ray absorption spectroscopy measures the transitions of electrons from 
core electronic states of metals to excited electronic states (LUMO) as well as complete 
ionizations. The former is referred to as X-ray absorption near-edge structures (XANES), while 
the latter is known as extended X-ray absorption fine structure (EXAFS). These two methods, 
XANES and EXAFS (Figure 45), when used together provide valuable structural and chemical 
information for materials and each of these concepts will be discussed in detail in the next 
sections., with the focus on titanium. 
X-ray absorption begins when an atom absorbs an incident photon with the appropriate 




Figure 45: A basic XAS spectrum of the titanium K-absorption edge and the two distinct 
regions, XANES (in red) and EXAFS (in blue). 
   
 
thus producing a photoelectron, Figure 46, This excitation of the electron to higher energies is 
short lived (typically femtoseconds) and the core hole is filled with an electron from a higher 
energy orbital producing fluorescence radiation. Initially, when a sample is bombarded with 
photons that eject core electrons from the nucleus, a sudden increase in absorption is observed 
which is called the absorption edge. The absorption edge reflects the energy necessary to eject a 
core electron into the LUMO or continuum which produces a photoelectron. When the electron 
is ejected from a 1s orbital it is known as a K-edge absorption, and when ionization is from a 2s 
or 2p orbital it is referred to as L-edge, and finally a M-edge is when the excited electron comes 
from the 3s or 3p orbital. The plot in Figure 47 reflects the energy of an edge with respect to an 
element based on its atomic number, Z. 
 There are four energy regions present in XAS data collection protocol (all energies are 
relative to the absorption edge position: 
 Pre-XANES -150 to -15 eV 
 XANES -15 to +75 eV 
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 EXAFS near the edge +75 to +550 eV 
 EXAFS far from the edge +550 to +1000 eV 
The step size and integration time of each energy region is set in the monochromator to optimize 
the intensity of the EXAFS signal; the signal’s intensity decreases as the energy of the X-ray 
beam increases above the absorption edge. The spectral resolution is optimized by adjusting the 
monochromator’s step size; the term “step size” refers to the physical movement of the crystal in 
the monochromator. For example, the step size in the XANES region should be set as small as 
possible to capture the narrow pre-edge features and edge structures. Whereas, in the EXAFS far 
from the edge region, the EXAFS signals are broader allowing for larger step sizes to accurately 
capture the data in this region. Ranges of the typically used step sizes are as follows: 
 Pre-XANES 5eV 
 XANES 0.3 to 1.5 eV 
 EXAFS near the edge 1.5 to 4.5 eV 
 EXAFS far from the edge 4.5 to 6.1 eV 
However, as mentioned above, the intensity of the EXAFS signal decreases above the 
absorption edge which leads to lower signal-to-noise (S/N) ratios. Increasing the integration time 




Figure 46: Illustration of a core electron being excited by a X-ray of proper energy. The K- L-, 




Figure 47: Plot of X-ray absorption edge energies as a function of the atomic number of an 
element. Transition metals titanium and iron are shown as an example. 
 
 
X-ray Absorption Near Edge Structure (XANES) 
 The XANES region of XAS provides information about oxidation states and coordination 
geometries of absorbing elements. Figure 48 shows the XANES region (located between -50 to 
+100 eV with respect to the absorption edge) of the titanium K-edge which contains a pre-edge 
feature, the absorption edge, and any features that may be present on or just above the edge. 
The intensity and location of the pre-edge feature is sensitive to the coordination around 
the titanium center due to the dipole transition between two bound states (for titanium 1s→3d 
transition) that must obey Laporte selection rules. For example, a tetrahedral (Td) Ti4+ d0 center 
has a ground state of A1. The symmetry of the dipole operator is T2, and symmetry of empty d 
orbitals being T2 and E, thus the electronic transitions 1s (A1) → 3d (T2) and 1s (A1) → 3d (E) 
are Laporte allowed. So, in this case a strong pre-edge feature is observed for Td Ti4+ centers, 
Figure 48 (black curve).  
 Conversely, octahedral (Oh , 6-coordinate) titanium centers have an A1g ground state. The 




Figure 48: Illustration of the XANES region of a titanium K-edge. Td (4-coordinate, in black) 
and Oh (6-coordinate, in red) titanium centers and an absorption shoulder on the Oh K-edge 
indicating the presence of Ti – Cl. Inset illustrates the ∆FWHM of the pre-edge feature and the 











the direct product of the electronic transitions 1s (A1g) → 3d (T2g) and 1s (A1g) → 3d (Eg ) 
doesn’t contain the A1g operator resulting in the electronic transitions being Laporte forbidden. 
Therefore, a pre-edge feature is generally not seen for Oh titanium centers, however, a weak pre-
edge feature has often been reported resulting from the hybridization between the 4p and 3d 
orbitals, as observed in Figure 48 (red curve).[99] 
When determining coordination geometries of metal centers, both intensity and energy 
values of the pre-edge feature must be considered. Figure 49 shows the pre-edge feature for 4-, 
5-, and 6-coordinate titanium centers. The intensity of the pre-edge peak follows 6-coord < 5-
coord < 4-coord and the energy shift follows 4-coord < 5-coord < 6-coord. Both these trends are 
illustrated in Figure 50. It should be mentioned that overall energy shift range, of 4-coord to 6-
coord titanium centers, is only ~2 eV.[100] These coordination geometry pre-edge fingerprints 
will be discussed again later in this thesis. 
 Finally, the location of the main absorption edge (E0) is determined by the energy at half 
way up the main edge jump and the position shifts with the oxidation state of the absorbing atom 




Figure 49: XAS spectra of the normalized XANES region for several 4- (left), 5- (center), and 6- 




Figure 50: Illustration of the influence coordination geometry around Ti4+ centers in metal 
oxides has on the pre-edge intensity and peak position.  Figure was reproduced from ref[100]. 
 
 
absorption edge is typical for Ti4+ centers with only oxygen atoms (Ti – O) in the first 
coordination sphere. However, when titanium’s first coordination sphere contains a chlorine 
atom (Ti – Cl), a shoulder is visible on the absorption edge whose intensity is dependent on the 
number of chlorines present in the first shell, Figure 48 (red curve). 
Extended X-ray Absorption Fine Structure (EXAFS) 
 The XANES region provides information about oxidation states and coordination 
geometries around metal centers which brings us to the next component of XAS, the extended X-
ray absorption fine structure (EXAFS region). This spectral region ranges from ~20 to 1000 eV 
above the absorption edge (Figure 45) and is used to elucidate the local bonding environments in 
the first, and when possible, second coordination spheres of an absorber.  This region of the XAS 
spectrum contains EXAFS oscillations (fine structure) superimposed on a smooth background 
edge (step 1 in Figure 51) which contains valuable information about the atoms coordinated to 
the absorbing atom (e.g. type, quantity, interatomic distances).  The right side of  Figure 51 
illustrates the application of the EXAFS equation χ(k) to the background subtracted fine structure 




Figure 51: Illustration of (top left) background subtraction from EXAFS fine structure, (top 













resulting in the radial distribution function used to determine nearest neighbors to the absorber 
(step 4). The fine structure is produced from backscattering between the promoted photoelectron 
wave and the absorbers nearest neighbor’s electron density (Figure 52). At energies above the 
absorption edge, the electrons are no longer excited into the LUMO, instead, the excess energy 
above ionization causes an increase in the electron’s kinetic energy and forms a photoelectron 
that is ejected into the continuum. The photoelectron waves interact with the nearest neighbors to 
the absorber and creates oscillations which are dependent on the energy and distance of the 
backscattering atoms (nearest neighbor’s). All backscattering atoms with similar radial distances 
from the absorber reside in the same shell and contribute to the same EXAFS signal. In terms of 
EXAFS, a coordination sphere is referred to as a shell. For example, Figure 53 shows the first 
shell (coordination sphere) atoms bound to the absorber, while the second shell atoms are once 
removed, etc. 
There are two types of paths between the absorber atom and the scattering atoms, single 
and multiple scattering paths. Figure 54 shows several scattering paths with a “scale” along the 
top of the figure with the absorber atom in blue, first shell atom in red, and second shell atom in 




Figure 52: Illustration of the backscattering of the outgoing photoelectron wave with the 
constructive (right) and destructive (left)  interference. The absorber atom is blue and the 
backscattering atoms are green and red. 
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atom, while below it is a single scattering path between the absorber and a second shell atom. 
The remaining paths are multiple scattering paths which occur between the absorber and multiple 
shells. The degeneracy of each individual scattering path is equal to the total number of 
equivalent paths. With respect to single scattering paths, the degeneracy of the scattering path is 
equal to the coordination number of the shell which the scattering atoms reside. 
While XANES data are typically empirically interpreted, analytical theories have been 
developed for interpretation of data in the EXAFS region. Essentially, the XAS data are collected 
in E-space (energy-space) and measures the energy dependence of the X-ray absorption 
coefficient (termed μ(E)) for an absorbing atom at or above its absorption edge in either 
transmission or fluorescence mode. In transmission mode, μ(E) is derived by the direct 
measurement the number of incident photons, I0, that travel through an ionization chamber 
before the sample and ratioing against the number of photons transmitted through the sample, It, 
according to Equations 17 and 18. 
𝐼  𝐼  𝑒     Equation 17 




Figure 53: Graphical illustration of the first and second scattering spheres (shells). The absorber 




Figure 54: Illustration of the single and multiple scattering paths. The top "scale" represents the 
absorber in blue, 1st shell atom is red, and 2nd shell atom is green. Figure modified from ref[101]. 
 
 
Alternately, in X-ray fluorescence, an electron from a higher energy orbital populates the 
core hole resulting in the release of a photon at an energy equal to the ∆E between the two 
orbitals (fluorescence). Here, the absorption coefficient μ(E) is proportional to the ratio of 
fluorescence photons (Ifluor) and the incident photons (I0), Equation 19. 
𝜇 𝐸 ∝      Equation 19 
 Generally, the EXAFS signal is defined as χ(k) and allows the EXAFS spectra to be 
interpreted following the EXAFS equation, Equation 20, which is defined as a sum of the signals 
from all scattering paths of the photoelectron. 
𝜒 𝑘   ∑ 𝜒 𝑘     Equation 20 
Each scattering path can be written as χi(k), following Equation 21. 
𝜒 𝑘   
 
𝑠𝑖𝑛 2𝑘𝑅   𝜑 𝑘 𝑒  𝑒  Equation 21 
where Ni is the coordination number of the ith shell backscattering atoms, S02 is the amplitude 
reduction factor, Feff (k) is the effective scattering amplitude, Ri is the distance between the 
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absorber and backscatter, φ(k) is the effective scattering phase shift, σi2 is the mean-square 
displacement of the bond lengths between the absorber and scattering atoms in a shell (Debye-
Waller factor), and λ(k) is the mean free path of the photoelectron. The Ni, S02, Ri, and σi2 
parameters for each scattering path of the photoelectron are user modifiable fitting parameters in 
EXAFS modeling software to optimize the data fit and will be described more in Chapter 4. 
XAS Data Analysis 
The analysis of XAS data can be performed by two methods: 1) evaluation of unknown 
spectra against analogous standard or literature spectra, and 2) evaluation of an experimental 
spectra and generating a “fit” against a theoretical spectrum derived from a structural model. The 
XANES region typically follows method 1, while the EXAFS region usually uses a combination 
of both methods.  
 Analysis of XAS data is typically performed with EXAFS modeling programs capable of 
IFEFFIT data analysis, with the Demeter software family (Athena and Artemis) used in this 
work. [102-103] The Athena program processes the raw data from XAS experiment and 
produces a XANES spectra for analysis. The Artemis program analyzes the XANES and EXAFS 
region and generates a “fit” against the theoretical phase and amplitude factors of a proposed 
structural model.  
 Processing of XAS data following method 1 has been previously reported[74] and mainly 
involves the following steps: 
 Glitch removal 
 Truncating and aligning the spectrum to a standard 
 When performing more than one scan, average multiple spectra and merge into 
one spectrum 
 Define the absorption edge energy (E0) by either the 1st or 2nd derivative method 
This step is crucial in obtaining the oxidation state of the absorber 
 Selecting acceptable pre-edge and post-edge lines 
 Normalization of the spectra 
 Background subtraction 
 Obtain a Fourier transform needed for EXAFS processing 
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Method 2 uses all the above steps for data analysis using Athena and becomes the starting 
point for structural determination analysis with Artemis. These basic steps are critical for 
accurately “fitting” the data from the EXAFS regions to the theoretical phase and amplitude 
factors of the structural model. The step height described above determines the amplitude of the 
EXAFS signal oscillations which is correlated to the amplitude reduction factor, S02, and 
coordination number (N) of the absorber. During an EXAFS “fit”, these parameters and others 
(∆R, ∆E0, σ2) converge to acceptable values, as well as the statistical measures of the fit (χ2, 
reduced χ2, and R-factor) reflecting acceptable values. Upon completion of the data analysis, 
several different plots comparing the experimental data to the structural model can be obtained, 
Figure 55, with the plot on top showing E space with the background in red, middle is a plot 
showing the extraction of fine structure from the smooth edge background to generate χ(k), and 
finally the bottom plot reflects the Fourier transform to generate χ(R). A more detailed 
explanation on the above parameters and plots will be discussed in Chapter 4.  
3.2.9 Catalytic Test Reactions 
 Catalysis is frequently one of the first characterization techniques performed post-
synthesis providing valuable information regarding a catalyst performance. Measuring catalytic 
activity, selectivity, and longevity are all important properties of new catalysts. Improving a 
catalyst’s performance remains one of the largest challenge’s researchers face in heterogeneous 
catalysis. Their homogeneous counterparts achieve high performance levels but suffer from the 
costly, time consuming separation techniques.  Catalytic test reactions evaluate the effectiveness 
of a catalyst and provide three important types of information: activity, selectivity, and stability.  
Catalytic Activity 
 Activity can be expressed as the amount of substrate that is converted to product during a 
catalytic test reaction. The calculation for the percent conversion of substrate is shown below, 
Equation 22.  
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 %   ∆  
  
 𝑥 100%  Equation 22 
This raw value however does not take into consideration the mass of catalyst, or more 
importantly, the number of the catalytically active sites in the material. Many papers report only 
these raw conversions as the counting of active sites in heterogeneous catalysts can be 




Figure 55: EXAFS plots generated from fitting experimental data to a structural model. The blue 
trace is experimental data and the red trace is the EXAFS “fit” using the Artemis program. (Top) 





one of two ways: 1) the amount of substrate converted per active site, or turnover number (TON, 
Equation 23), and 2) the amount of substrate converted per active site per unit of time, or 
turnover frequency (TOF, Equation 24). In the context of single-site heterogeneous catalysts, the 
total titanium content of the catalyst should ideally represent the number of active sites in the 
material, per gram. In the early stage of epoxidation reactions, the TOF’s of catalytic reactions 
are important in understanding rates of reactions as the concentration of substrate is close to the 
initial concentrations. During the course of the reaction, the amount of substrate present 
diminishes rendering the TOF at these later intervals just an average expression of activity. As an 
approximation of the initial rate for the catalysts synthesized in this work, in the epoxidation of 
cyclohexene, the TOF’s will be determined in the first two and five minutes of the reaction. 
𝑇𝑂𝑁     
  
  Equation 23 
𝑇𝑂𝐹  
  
    Equation 24 
Selectivity  
 Selectivity is a measure of a heterogenous catalyst’s ability to produce a preferred 
product from a substrate. An important cause leading to poor selectivity in catalytic reactions is 
the presence of multiple types of active sites within the material. In this context, when the sum of 
the substrate and product is plotted as a function of time, selectivity would be a horizontal line at 
a value of 1. Equation 25 defines selectivity as the amount of a product produced over the 
amount of total substrate consumed. Designing an active catalyst that initiates specific catalytic 
reactions with a strong preference for one product will improve selectivity and lower costs 
associated with separation of products. A catalyst that offers high selectivity may be chosen over 
one that is less selective but exhibits high activity as the costs associated with purifying a desired 
product from a group of byproducts can be significant. 
% 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦    
        
 𝑥 100%  Equation 25 
Stability 
Catalytic test runs not only provide valuable information about the catalyst’s active site, 
but the stability of the catalyst as well. Recyclability studies determine the effectiveness and 
stability of the active site. Deactivation of the catalysts active site occurs over a specific number 
of catalytic cycles typically through one of two causes.  A deactivation pathway involves 
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developing blockages in the pores of the support. Such blockages can be the result of unwanted 
byproducts preventing accessibility of the substrate to the active site. Catalysts that suffer from 
these blockages can sometimes be reactivated by calcination processes.  Calcination burns off the 
unwanted byproducts at high temperatures ( ≥ 500 ℃ ) and eliminates any pore blockage and 
any species plaquing over the active site, but at a price. The high temperatures and oxidizing 
conditions can result in loss of control of the active site and potentially generating multiple 
active sites in the material. 
 The second typical cause of catalyst deactivation, that is often not reported, is the 
leaching of active sites.  Leaching studies provide information on the stability of the catalyst 
during catalytic test runs. Leaching occurs when a catalytic site frees itself from the support 
matrix by way of solvent interactions, high temperatures, the choice of oxidant, or binding 
interactions to the supporting material. When a catalytic site leaches from the host matrix the 
overall activity of the catalytic test run may increase or decrease. If the catalytic site leaches 
from the support material and becomes/remains an active species, the catalyst becomes a hybrid 
homogeneous/heterogeneous catalyst and activity increases. Over the course of the next several 
subsequent catalytic test runs the homogeneous catalyst will be washed away, removing the 
catalytic sites from the material, and the overall activity of the recycled catalyst will decrease. 
An ideal heterogeneous catalyst would be comprised of dispersed, single active sites that does 
not leach from the support matrix through multiple catalytic test runs. 
3.2.10 Conclusion of Characterization Techniques 
 Developing a polynuclear single-site titanosilicate heterogeneous catalyst is dependent on 
extensive characterization at both the atomic level and larger (1nm and higher). One single 
characterization technique cannot provide sufficient information to determine if a catalyst 
contains one type of active site or multiple sites. However, by combining information from 
multiple characterization techniques, a well-supported claim of a SSHC can be postulated. 
Chapters 5 and 6 will describe: 
 the synthesis of a novel trinuclear titanium SSHC using the building block approach and 
method of sequential additions 
 the synthesis of several other trinuclear titanium analogues 
o Ti3O2 ensemble and a polyhedral oligomeric silsesquioxane (Ph-POSS) 
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o Ti3O2-ensemble grafted on MCM-41 and Davisil 
 the evidence for single-site catalysts, including:  
o a well-defined connectivity between the catalytic ensemble and the silicate-cube 
building block 
o EXAFS models for the Ti3 core of the active site 
 the catalytic activity these SSHC’s have towards the selective epoxidation of 




Chapter 4: General Experimental Synthesis and Spectroscopic Characterization of 
Ti3O2Cl3-cluster, Ti3O2-POSS, and Ti3O2-bb catalysts 
4.1 Introduction 
 As previously mentioned, the inspiration for the trinuclear titanium SSHC synthesized in 
this work was spawned from Dr. Nan Chen’s research, a previous member of the Barnes’ 
research group. Dr. Chen’s work involved the synthesis of a tetranuclear titanosilicate catalyst 
following the building block approach and method of sequential additions. Some of the questions 
she addressed in her work are: 
 Does the nuclearity of the titanium active site create any new issues in the synthetic 
approach? 
 What role do the carboxylate ligands play during the synthesis?  What is their reactivity 
in the presence of the tin-cube? 
 Do the oxo bridges between titanium centers survive in the active site of the final 
catalyst? 
 The synthesis of titanosilicates using a non-hydrolytic approach requires titanium 
compounds with chloride functional groups. While the same tetranuclear titanium complex, 
[Ti4Cl6(μ3-O)2(μ2-O2CPh)6] was originally selected for this work, attempts to reproduce the 
complex were unsuccessful. However, the authors of the original publication describing these 
polynuclear titanium complexes did produce a family of suitable polynuclear titanium 
complexes.[104] For this reason, the trinuclear titanium cluster, [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-
p-Me)5] was selected for all materials synthesized in this research. Attempts to follow the 
published synthetic procedure were unsuccessful, and therefore a modified experimental 
procedure was developed. All materials were subjected to many characterization techniques 
providing answers to all the above questions, which will be elaborated upon the next several 
sections. 
4.2 Experimental 
4.2.1 General Experimental Details 
TiCl4 and all solvents are stored under vacuum in sealed Schlenk bulbs over Na/K alloy. 
All glassware used during the reaction are silylated with trimethylsilyl chloride and stored in an 
oven (80 ℃). A tin functionalized Ph-POSS and the tin-cube was prepared following 
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literature[77, 105] and stored in a nitrogen atmosphere glovebox till use. Organic solvents and 
volatile reactants are vapor transferred into reaction vessels using Schlenk line techniques for 
majority of the synthesis. All 1HNMR experiments were performed in CDCl3 with the solvent 
peak set to 7.26 ppm. Mass changes accompanying a reaction were are obtained by measuring 
mass changes under vacuum until a constant mass was obtained. 
4.2.2 Synthesis of Ti3Cl3O2(O2CR)5 (R= p-tolyl) 
Initially, ~7.3 g (53.5 mmol) of p-toluic acid (CH3C6H4CO2H, crystalline, ACS certified) 
is added to a tared 250 mL Schlenk vessel, with stir bar. in a nitrogen atmosphere glovebox. An 
exact mass was obtained outside the glovebox followed by the vapor transfer of ~40 mL of 
hexanes into the Schlenk vessel using a dry ice/isopropanol slurry (-80 ℃). The Schlenk vessel 
was fitted with an in-house made glass dropwise addition apparatus (Figure 56 (a)) and a cryo-
chamber filled with liquid N2 (Figure 56 (b)) and the system returned to low vacuum (~30 
mtorr). Next, ~4.6 g (24.3 mmol) of TiCl4 (molar ratio of 1 : 2.2  (TiCl4 : toluic acid)) was 
vacuum transferred to the cold finger and allowed to drip into the reactant slurry for 1 hour 
(approx. one drop/2 sec). The reaction mixture was than refluxed at 80℃ for ~4 hours.  As the 
solution cools to RT, the trinuclear complex precipitates out of solution as a yellow/orange solid. 
The resulting solid was obtained after decanting the solution mixture and subsequently washed 
three times with pure hexanes. The product was dried under vacuum 100 ℃ for 16 hours. The 
dried product was purified by recrystallization using a layering technique of 50 : 50 diethyl ether 
and methylene chloride solvents. Nucleation begins in ~ 24 hours at the interface of the solvents. 
After 5-7 days, the crystals were collected by decanting off the solution and stored in a nitrogen 
atmosphere glovebox till use. The product, [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5, was obtained 
with ~80 - 90% yield. The product was characterized by 1HNMR, IR, XAS, and DRUV. 
4.2.3 Synthesis of Ti3O2(O2CR)5(POSS)3 (R= p-tolyl) 
 The synthesis of Ti3O2(O2CR)5-POSS is performed by adding ~0.23 g (0.24 mmol) of 
Ti3O2Cl3(O2C-p-tolyl)5 to a tared 250 mL Schlenk vessel, with stir bar. in a nitrogen atmosphere 
glovebox. An exact mass is obtained outside the glovebox. The reaction vessel is returned to the 
glovebox for the addition of ~0.90 g (0.78 mmol) anhydrous Me3SnO-POSSPh7. An exact mass 




Figure 56: (a) Experimental setup of reaction Schlenk vessel and dropwise addition setup for 















dry ice/isopropanol slurry (-80 ℃). The reaction mixture is than refluxed at 80℃, spin rate of 
500 rpm, for ~16 hours. Next, solvent and byproducts are removed under vacuum at room 
temperature (RT). The remaining residue was dried under vacuum at 100℃ for ~16 hours. A 
1HNMR and IR spectra were collected from the dried off-white precipitate and the liquid 
volatiles. The product was characterized by ICP, XAS, DRUV, and nitrogen 
adsorption/desorption experiments. 
4.2.4 Synthesis of Trinuclear Titanosilicate Single-site Catalyst 
The first dose in the synthesis of the trinuclear titanium catalyst is prepared by adding 
~0.30 g (0.30 mmol) of Ti3O2Cl3(O2C-p-tolyl)5 to a tared 250 mL Schlenk vessel, with stir bar in 
a nitrogen atmosphere glovebox. An exact mass is obtained outside the glovebox. The reaction 
vessel is returned to the glovebox for the addition of ~3.40 g (1.84 mmol) anhydrous tin-cube. 
An exact mass is obtained followed by the vapor transfer of ~30 mL of tetrahydrofuran (THF) or 
toluene into the Schlenk vessel using a dry ice/isopropanol slurry (-80 ℃). The reaction mixture 
is then refluxed at 60 – 80 ℃, spin rate of 500 rpm, and 16 hours. At first, the reaction solution is 
100 % translucent with a small amount of yellow precipitate in the bottom of the reaction vessel. 
Upon bringing the vessel up to reaction temperatures, no precipitate is observed, and the solution 
has a slight yellow tint.  
After the reaction is complete, the bulk solvent and Me3SnCl byproduct is removed under 
vacuum at room temperature (RT) till a thick gel remains. The remaining residue was dried 
under vacuum at 80℃ for ~16 hours. After drying, small colorless crystals are observed on the 
walls of the reaction vessel. An exact mass was obtained of the reaction vessel and a 1HNMR 
and IR spectra were collected from the dried off-white precipitate and the liquid volatiles. 
Next, the reaction vessel was fitted with a cold finger at -5℃ and the reaction vessel was 
heated at 100℃, under vacuum, for 16 hours with a secondary cryotrap in place to catch 
volatiles. After the sublimation step, an exact mass was obtained of the reaction vessel and a 
1HNMR and IR spectra was collected from the dried off-white precipitate and the solid/liquid 
volatiles.  
The second dose of the synthesis is prepared by vapor transferring ~30 mL of THF or 
toluene into the Schlenk vessel using a dry ice/isopropanol slurry (-80 ℃). Next, ~1.50 g (11.0 
mmol) of Me2SiCl2 is vapor transferred into the reaction mixture. The reaction mixture is 
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refluxed at 60 – 80 ℃, spin rate of 500 rpm, for ~4 days. After the reaction step, the solvent and 
volatiles are removed, under vacuum, and the resulting precipitate dried at 80℃ overnight. The 
precipitate was washed three times with cold THF/toluene under a N2 purge and the final product 
is dried under vacuum at RT overnight. The mass is obtained of the tannish solid and 1HNMR 
and IR spectra were obtained of the solid material and the volatiles. Each material was further 
characterized by catalysis studies, XAS, DRUV, and ICP (described later in this chapter). 
4.2.5 Synthesis of Ti3O3-sites Grafted on MCM-41 and Davisil 
 MCM-41 and Davisil (ACS Materials) were both dehydrated in vacuum (10-3 Torr) at 
200 ℃ for 8 hours prior to synthesis. A typical synthesis involves adding ~22.0 mmol (based on 
SiO2 formula) of the dry silica source (MCM-41 or Davisil) to a Schlenk reaction vessel in a 
nitrogen atmosphere glovebox followed by the vapor transfer of ~25 mL of methylene chloride. 
The mixture is allowed to react for 30 minutes at RT while stirring (500 rpm). Next, the sample 
was treated with ~0.85 mmol of triethylamine (TEA) to consume the HCl which evolves when 
the chlorides on the trinuclear precursor reacts with the surface silanol groups on the support 
during grafting. Then, to a mini-Schlenk vessel was added 0.20 mmol of Ti3O2Cl3-cluster 
followed by the vapor transfer of ~5 mL of methylene chloride to solubilize the titanium source. 
This solution was transferred to the main Schlenk reaction vessel via a syringe under a N2 purge 
over the course of 5 minutes. Initially, the suspension had an orange appearance at the onset of 
the titanium source addition, and after the complete addition of the Ti3O2-complex solution the 
suspension turned yellow and the solvent lost all color. The color change is an indication that the 
chloride ligands were replaced with siloxide linkages. The reaction continued for 3 hours while 
stirring (500 rpm) at RT. Finally, the off-white precipitate was washed 5 times with methylene 
chloride and dried in vacuum overnight at RT.  
4.2.6 General Characterization Details 
Elemental Analysis (ICP) 
Elemental analysis experiments of materials in this work were performed with an Agilent 
5110 ICP-OES spectrometer equipped with a Multimode Sample Introduction System and a SPS 
4 Autosampler. A calibration curve was obtained for each wavelength (typically 8) of a specific 
element using 4 to 5 standard solutions for ICP (1000mg/L, Fluka) of different concentrations 
(10-200 ppm) in ultrapure water.  The calibration curves were obtained following the parameters 
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provided in the appendix and the instrument produced a Beer’s Law plot (intensity versus 
concentration) for each wavelength. An example of these plots with titanium being the element 
analyzed is also shown in the appendix. 
 Preparation of the samples for analysis requires complete digestion of the solid material 
with strong acids to avoid damage to the instrument. Sample preparation is as follows: 
1) Empty polypropylene vials are weighed with caps and brought into a nitrogen 
atmosphere glovebox. 
2) Approximately 40 – 60 mg of sample precipitate is added to the vials, capped, and 
reweighed outside the glovebox. The amount used was calculated based on: 1) an 
initially assumed wt% Ti in the sample and 2) using enough sample to obtain a Ti 
ppm concentration within the calibration range. The mass of sample must be 
determined accurately. 
3) The samples are digested with ~1 mL of concentrated nitric acid and ~1 mL of 
concentrated hydrofluoric acid overnight. Exact quantities of acid are not necessary as 
the determination of concentration only requires the total mass of the solution after 
dilution. 
4) Upon digestion of the samples, the solution is brought to a total mass of ~14 g with 
ultrapure water. This mass must be determined accurately. 
5) The final concentration of the solution (ppm) is calculated. 
Infrared Spectroscopy 
 IR characterization is performed using the Agilent Cary 630 FTIR spectrometer which is 
located in a nitrogen atmosphere glovebox to prevent the absorption of water on these air-
sensitive materials.  Each sample is analyzed following this protocol: 
1) ~40 mg of dry KBr is loaded into a die and pressed into a pellet. 
2) The die is placed into the spectrometer and a background spectrum is obtained using 
32 scans with a 2 cm-1 resolution in the range of 4000 – 350 cm-1. 
3) The die is removed from the spectrometer and a 1 – 2 wt % of sample is loaded on 
top of the KBr and further pressed into a pellet. 
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4) The die is returned to the spectrometer and the data is collected under the same 
parameters. 
Diffuse Reflectance UV-Vis Spectroscopy 
All DRUV data was collected on a Cary 5000 equipped with an integrating reflectance 
sphere using the following parameters: 
 Accessory – 150 nm Integrating Sphere (DRA) 
 Data interval – 1.1 nm 
 Slit bandwidth – 2 nm 
 Averaging time per nm – 0.16 sec 
 Scanning rate – 600 nm/min 
 Source changeover – 400 nm 
 Reduced slit height 
 Beam – double 
 Baseline correction – yes 
 Range – 190 – 800 nm 
All samples were prepared inside a nitrogen atmosphere glovebox. To a polystyrene vial 




Figure 57: Image of DRUV sample holder. 
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homogenized using a Wig-L-Bug© grinder/mixer.  Next, ~600 mg of LiF was added to the vial 
and further homogenized by the above method. Finally, the material was loaded into the sample 
holder (Figure 57) and the solid back of the sample holder was screwed on and each sample 
placed in its own container with lid to eliminate as much contact with ambient air as possible. A 
blank sample containing only LiF was also prepared and used as a background. 
X-ray Absorption Spectroscopy 
 The National Synchrotron Light Source II (NSLS II) at Brookhaven National Laboratory 
was used as the X-ray source for all XAS data collected in this research. All XAS 
experimentation focused on titanium as the absorber atom and XAS spectra was collected in 
fluorescence mode on beam line 6-BM. Table 5 shows the parameters used for optimal data 
collection of samples in this work. 
All samples were prepared in a nitrogen atmosphere glovebox before being transported to 
Brookhaven National Lab. To a polystyrene vial containing a 3/8 Plexiglas© ball, ~15 – 40 mg 
of a sample was added and capped. The sample was homogenized into a fine powder using a 
Wig-L-Bug© grinder/mixer. Next, a diluent was added to the vial, polyethylene glycol 8000 mw 
(P.E.G. 8000), to aid in the formation of the pellet. The mixture was further homogenized by the 
above method and transferred to a 13 mm pellet press. The pellet press was fitted to a Schlenk 
line which pulled the contents of the press down to low vacuum (e.g. 50 mtorr).  Using a typical 
8T hydraulic press, a 13 mm pellet was obtained with a thickness between 200 – 500 μm. 
 
 




Each pellet was placed in a cardboard sample holder with polyethylene windows and 
sealed with staples and tape. Figure 58 (top center) shows a few of the prepared samples. All 
samples were stored in a container, under a nitrogen atmosphere, and sealed with parafilm until 
data collection at the beam line NSLS-II at Brookhaven National Lab. 
All pre-prepared samples were mounted onto a lexan disk containing 24 slots at 15-
degree intervals, Figure 58 (top left and right images), Figure 58 (bottom) shows three images 
of the beam line with sample wheel mounted: (left) a solid-state, four-element Si-drift detector 
placed at a ~90º angle to the photon beam to collect fluorescence data, (center) full beam path in 
yellow, (right) the sample holder mounted onto the beam line at ~45º (in the z axis) to the 
monochromator. The fluorescence detector was positioned as close to the sample as possible to 
collect maximum photons for XAS analysis, Figure 58 (bottom left). The sample in the figure is 
a titanium foil that exhibits a pre-edge peak at 4966.4eV which was used as a reference sample in 
addition to checking the calibration of the beam energy. The K-edge absorption energy range for 
titanium is between 4966 to 4985 eV. 
Nitrogen Absorption/Desorption (BET, DFT) 
The MicromeriticsTM ASAP 2020 Chemi surface analyzer was used to perform nitrogen 
absorption/desorption experiments on all materials described in this work. To determine the 
surface area and total pore volume of samples presented in this work, in a nitrogen glove box, 
approximately 100 mg of a sample powder was loaded to a 6 mm cell with a glass rod inserted to 
decrease the void volume of the sample holder. The sample holder was sealed with a frit to 
protect the sample from air. The location of the sample, glass filler rod, and the seal frit can be 
seen in Figure 59 (bottom). The sample was degassed for 6 hours at 160 ºC, removed and fitted 
with and an isothermal jacket to draw liquid nitrogen up and around the cell stem by capillary 
action throughout the analysis and then placed on the analysis port for experimentation. Figure 
59 (top) illustrates the degas station, analysis port, and their respective components. The BET 
surface area is calculated using adsorption data in the relative pressure range (p/pº) of 0.01 – 0.30 






Figure 58: (top left) XAS lexan sample holder, (top center) variety of prepared titanium samples 
for XAS characterization, (top right) prepared samples loaded on lexan disk. (bottom) Beam path 
(in solid yellow) of 6-BM at NSLS II with lexan sample holder and fluorescence detector 






Figure 59: (top) Images of the MicromeriticsTM ASAP 2020 surface analyzer with degauss 
station and analysis port labeled. (bottom) Images of 6mm sample tube, glass filler rod inserted, 
and fitted with a seal frit. 
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4.3 General Results and Characterization 
4.3.1 General Results and Characterization of Titanium Precursor - Ti3O2Cl3(O2C-p-tolyl)5 
 The trinuclear titanium molecular precursor, [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2C-p-tolyl)5] ] 
(now referred to as Ti3O2Cl3-cluster), is prepared following the equation below and using a 
modified literature procedure.[106] 
3 𝑇𝑖𝐶𝑙    7 𝐻𝑂 𝐶 𝑝 𝑡𝑜𝑙𝑦𝑙   
→   𝑇𝑖 𝐶𝑙 𝑂  𝑂  𝐶 𝑝 𝑡𝑜𝑙𝑦𝑙    2 𝑝 𝑡𝑜𝑙𝑦𝑙 𝐶𝑂𝐶𝑙  7 𝐻𝐶𝑙 
The X-ray crystal structure has been reported[106] and is shown in Figure 60 (a). The 
structure consists of two types of octahedrally coordinated titanium centers with two bridging 
oxo ligands (μ2 and μ3). The complex has three terminal chloride ligands, one on each titanium 
atom, and 3 types of toluic acid ligands bridging different titanium centers. All of these atoms 
and ligands will play important roles in the active site developed of the final catalyst. Figure 60 





Figure 60: (a) X-ray crystal structure of [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5] (reprinted from 
ref. (b) Illustration of the simple trinuclear structure with carbons and hydrogens omitted. 
Titanium is blue, oxygen is black, and chlorine is green. 
108 
 
 Briefly, gravimetric analysis and NMR are used together to verify reaction stoichiometry 
and reaction byproducts. An 1HNMR spectrum was obtained of the starting material, toluic acid, 
and the product Ti3O2 cluster. Figure 61 (top) shows the product spectrum (red trace) 
superimposed onto the starting material spectra (blue-green trace) with the proton signals of each 
labeled. Aromatic ring protons can be difficult to interpret which led to our choice of toluic acid 
for a reactant (Figure 61 (a)). While toluic acid does contain ring protons, the p-methyl group 
gives rise to a clean singlet (~2.42 ppm ) that is diagnostic of the species present in the spectra. 
The spectrum is consistent with the structure and symmetry of the desired product (Figure 61 
(b)). 
The IR spectrum of the product is shown below with the major characteristic fingerprint 
bands labeled (Figure 62). The assignments of bands match what is reported in literature.[106] 
The titanium complex does contain reactive Ti-Cl groups (396 cm-1) which are extremely water 
sensitive. Therefore, all samples were stored under nitrogen atmosphere.  
4.3.2 General Results and Characterization of Trinuclear Titanium-POSS Analogue 
To better understand the linking reactions between the Ti3O2 cluster and the tin-cube, a 
molecular analogue (Ti3O2-POSS) was prepared, following the equation below, to mimic the first 
step in the first crosslinking through the drying stage in an attempt to learn more about the 
formation of the tetramethyltin and trimethyltin ester (vide infra).  
𝑇𝑖 𝐶𝑙 𝑂 𝑂 𝐶 𝑝 𝑡𝑜𝑙𝑦𝑙    𝑠𝑙𝑖𝑔ℎ𝑡 𝑒𝑥𝑐𝑒𝑠𝑠 𝑆𝑖 𝑂  𝑃ℎ  𝑆𝑛𝑀𝑒  →  
                                                         𝑇𝑖 𝑂 𝑂 𝐶 𝑝 𝑡𝑜𝑙𝑦𝑙 𝑆𝑖 𝑂  𝑃ℎ     3 𝐶𝑙𝑆𝑛𝑀𝑒  
The Ti3O2-POSS analogue was synthesized by reacting the Ti3O2 complex with a 
polyhedral oligomeric silsesquioxane (Ph-POSS, Ph = Phenyl). The cross-linking reaction to 
prepare Ti3O2-POSS can be seen in Figure 63. While the tin-cube and Ph-POSS are both cubic 
silsesquioxanes, Ph-POSS differs as it only has one corner (of eight) functionalized with -
OSnMe3 with the remaining 7 corners capped with unreactive phenyl groups. Therefore, in 
contrast to tin-cube, Ph-POSS has only one corner available to form a bond with the Ti3O2 






Figure 61: Overlaid 1HNMR spectra (500 MHz in CDCl3, labeled) of (a) p-toluic acid (blue-
green trace), and (b) [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5]  (red trace). 




Figure 62: IR spectra of trinuclear titanium molecular complex. The peak assignments in the 




Figure 63: Cross-linking reaction to prepare Ti3O2-POSS with a hypothetical structure of the 
product (right). Titanium is in blue, oxygen is red, chlorine is green, silicon is light blue, and 
carbons in light grey. Hydrogens and phenol groups have been omitted for clarity. 
  
 
The preparation of the Ti3O2-POSS analogue only mimics the first crosslinking reaction. 
Ti3O2 is combined with Ph-POSS in a molar ratio of 1 : 3.2 (Ti3O2 : Ph-POSS). During the 
synthesis, the only byproduct produced was (per 1HNMR, Figure 64 ), as expected, 3 
equivalences of ClSnMe3 per Ti3O2, as confirmed by gravimetric analysis. No trimethyltin ester 
(TMT ester) or tetrametyltin byproducts were evident per 1HNMR.  
4.3.3 General Result and Characterization of Trinuclear Titanosilicate Single-site Catalyst 
 The Ti3O2 core in all the materials presented in this thesis comes from the titanium 
precursor (Figure 60). The synthesis of the trinuclear titanosilicate single-site catalyst follows 
the building block approach with the method of sequential additions using the trinuclear 
precursor (Ti3O2) described above as the active linking agent and the trimethyltin functionalized 
cubic silsesquioxanes (tin-cube), Si8O12(OSnMe3)8 as the building block, as illustrated in Figure 
65. Based on the products that we observe, we hypothesize the following reactions occur during 
the synthesis of these materials: 
Step 1) Metathesis reaction of the first cross-linking between Ti3O2 cluster and tin-cube                           





Figure 64: 1HNMR spectrum of volatiles collected during the drying step of the cross-linking 
reaction to prepare Ti3O2-POSS. Protons in blue correspond to Me3SnCl. Inset shows tin and 




Figure 65: Hypothetical structure based on gravimetric results (top right) after first crosslinking 
(the tin-cube on the Ti3O2-bb has been abbreviated for viewing), and (bottom) the second 











Step 2) Further intramolecular reactions between adjacent tin groups to the Si-O-Ti 
linkages and the Ti3O2 core forming Ti3O2 oligomers and p-Me-PhCO2SnMe3 and Me4Sn 
byproducts. 
Step 3) Intermolecular reactions linking Ti3O2 oligomers using Me2SiCl2 forming the 
final Ti3O2-bb titanosilicate and Me3SnCl byproduct 
The first dose in the method of sequential additions creates the connectivity between the 
titanium precursor and the silica matrix. The [Ti3Cl3(μ3-O)(μ2-O)(μ2-O2CPh-p-Me)5] precursor 
(now referred to as Ti3O2 cluster) is reacted with anhydrous tin-cube at a molar ratio of 1 : 6 
(Ti3O2 : tin-cube). After heating (80 ℃) under vacuum the major volatile byproduct is ClSnMe3. 
Small amounts of tetramethyltin (Me4Sn), identified using 1HNMR were also present, Figure 66. 
Gravimetric analysis determined that ~3 equivalents of ClSnMe3 per Ti3O2 are formed. Using the 
Ti3O2-precursor as the limiting reagent led to the reaction of all chloride ligands on the complex 
with tin-cubes to establish identical, targeted connectivity for every Ti3-O2-ensemble at this stage 
of the synthesis, as seen in Figure 67. 
During the drying process (80℃: 16 hrs., vacuum), small colorless crystals were 
observed on the top half of the reaction vessel. These were subsequently identified to be 
trimethyltin toluate (p-MePhCO2SnMe3) by 1HNMR (Figure 68) and IR. The crystals were 
separated from the reaction vessel by sublimation and the only byproduct detected on the cold 
finger was the trimethyltin ester while the secondary trap contained an appreciable amount of 
tetramethyltin and traces of ClSnMe3 (Figure 69). Solution NMR analysis of the crude material 
with 1HNMR revealed only unreacted tin-cube, Figure 70. Gravimetric analysis indicates that 3-
4 equivalences of TMT-ester is formed per Ti3O2. The first crosslinking produced oligomers 
containing a Ti3O2 core with only linkages to the silicate matrix and one to two toluate groups. 
The second dose in the method of sequential additions required subjecting the titanium-
cube oligomers to a second crosslinking reaction with Me2SiCl2 to grow the matrix around the 
titanium sites. The oligomers were linked together using a ratio of 6 : 1 (Me2SiCl2 : tin-cube). 
Previous investigations with mononuclear titanosilicates led us to believe that the reaction of the 
first chloride ligand on the inert linking agent is fast compared to the second chloride. Therefore, 




Figure 66: 1HNMR spectra of volatiles during drying step of first crosslinking. Protons in blue 
correspond to Me3SnCl while red protons correspond to Me4Sn. Inset shows tin and carbon 




Figure 67: Gravimetric results through the drying stage of the first crosslinking and 




Figure 68: 1HNMR spectra of colorless crystals obtained during drying step of first crosslinking. 






Figure 69: 1HNMR spectra of volatiles during sublimation step of first crosslinking. Protons in 





Figure 70: 1HNMR spectra of excess tin-cube present in the crude after the first crosslinking. 
Protons in orange correspond to methyl groups bound to tin on all 8 corners of the tin-cube. Inset 












ClSnMe3 with gravimetric analysis reflecting, on average, one of the two chlorides reacted on the 
inert linking agent. 
The results of gravimetric analysis and 1HNMR experiments described above indicate 
that 1-2 equivalences of the toluate ligand remain coordinated to the Ti3O2-core. Solid state 13C 
NMR experiments were performed to verify the presence of the toluate ligands in the product 
and can be seen in Figure 71. The broad signal located at ~129 ppm is consistent with the 
aromatic carbons in the tolyl ring and the p-methyl group gives rise to a signal at 24.6 ppm that is 
diagnostic of the species present in the spectra. Additionally, the presence of THF in the material 
is indicated by the signals located at 68.2 (O(CH2)2(CH2)2) and 27.3 (O(CH2)2(CH2)2) ppm. 
Finally, the large signal located at -2.15 ppm is assigned to the methyl groups (-O-Si(CH3)-O-) 
from the Me2SiCl2 linking agent. 
The assignment of the broad aromatic signal was confirmed by comparing additional 
spectra from low activity catalysts. While the causes leading to the broadness of the signal at 
~129 ppm have not been resolved, comparing the spectrum in Figure 71 to the spectrum of the 
Ti3O2-bb low activity catalyst shown in FIGURE allowed us to make the peak assignment above. 
Furthermore, the intensity of the -O-Si(CH3)2-O- signal can be used as a form of internal 
reference to qualitatively quantify the presence or absence of the toluate ligand. As can be seen 
in Figure 72, the signals of the toluate ligand are significantly lower than the SiMe2 signal in the 
13C spectrum of the low activity catalyst. Therefore, the high activity catalyst (Figure 71) has 
significantly more toluate ligand present than the low activity catalyst, consistent with 
gravimetric data summarized below.  
To compliment the above characterization techniques of the Ti3O2-bb catalyst, a titanium 
free (Ti-free) platform was synthesized following two methodologies. The first involved using 
the protocol described above with the exception of silicon tetrachloride bispyridine being 
substituted for the Ti3O2 cluster active linker. The second dose of the method of sequential 
additions uses a 2.5 : 1 ratio of Me2SiCl2 to tin-cube. This procedure will produce a Ti-free SiO2 
material with small amounts of tin remaining in the matrix from the unreacted corners of the tin-
cube building block. The second Ti-free platform was synthetically prepared by reacting a 1 : 8 




Figure 71: 13C SSNMR of the Ti3O2-bb high activity catalyst. The tolyl group carbons are in red 







Figure 72: 13C SSNMR of the Ti3O2-bb low activity catalyst. The tolyl group carbons are in red 
and blue, the carbon from the methyl group in (-O-Sn(CH3)3) is purple, and the carbon in (-O-













were subsequently removed in vacuum and produced a SiO2 material that is tin and titanium free. 
These Ti-free materials are used to analyze and interpret spectroscopic data and catalytic activity 
of the catalytic ensemble and the host matrix. 
4.3.4 General Summary of Syntheses 
 The synthesis of the single-site polynuclear titanosilicate catalyst using the tolyl 
trinuclear titanium cluster and trimethyltin functionalized building block is more complicated 
than what has been observed for mononuclear Ti-precursors previously. The evidence that other 
chemistry occurs, is found in the formation of two new byproducts, TMT-ester and 
tetramethyltin.  The formation of both these new byproducts led to reconsideration of the original 
equations leading to the reaction schemes postulated at the beginning of this section. A plausible 
set of reactions is needed to define the structure of the titanium catalytic ensemble necessary to 
study the catalytic activity of epoxidation reactions. 
 As described above, the first dose of the method of sequential additions establishes the 
connectivity of the titanium catalytic ensemble to the matrix. The Ti3O2 precursor reacts with tin-
cube to form the Ti-O-Si linkage, as confirmed by the development of the IR signature band 
located at 960 cm-1. The byproducts formed are quantified by gravimetric analysis and 1HNMR 
and converted to stoichiometric ratios of byproduct to Ti3O2. The amount of Me3SnCl formed in 
the first crosslinking indicates that all three chloride ligands on the Ti3O2 cluster are reacted. 
Upon further heating (100 ℃) in the solid state, the tin-cube is volatile and can possibly lead to 
its mobility in the solid state. At this point in the reaction, approximately three of the carboxylic 
acid ligands on the Ti3O2 cluster are removed in the form of TMT-ester. These observations are 
consistent with the formation and removal of the TMT-ester occurs in the solid state at higher 
temperatures (100 ℃) during the sublimation step.  
 In an attempt to identify a mechanism for the formation of the TMT-ester, the synthesis 
of the Ti3O2-bb catalyst was performed in the presence of coordinating bases, i.e. pyridine and 
triethylamine. Approximately 1 mL of the base was added to the reaction mixture at the onset of 
the synthesis. NMR results at the end of the 80 ℃ drying step of the first cross-linking indicated 
that the expected byproduct, trimethyltin chloride, and most of the base was removed with very 
little TMT-ester and tetramethyltin observed. However, under vacuum at higher temperatures, 
the typical reaction byproducts (i.e. TMT-ester and tetramethyltin) were again observed. 
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Therefore, no conclusive evidence was obtained with respect to TMT-ester formation. This fact 
further supports the notion the TMT-ester and tetramethyltin forms in the solid state at higher 
temperatures. 
It should also be noted that TMT-ester formation only occurs using the tin-cube rather 
than the Ph-POSS analogue suggesting that the formation of TMT-ester requires neighboring 
reactive SnMe3 groups on the tin-cube. Additionally, the appearance of TMT-ester is also 
correlated with tetramethyltin, both appearing during the 100℃/vacuum drying step of the 
procedure, as seen by the ratio in 1HNMR (Figure 69) . When considering these two 
observations and the ester elimination reaction described in Chapter 2, a reasonable hypothesis is 
that after the initial reaction period the tolyl carboxylate groups are non-chelating and a nearby 
electropositive trimethyltin group, ortho to the Si-O-Ti link formed in the first step, can expand 
its coordination to form the p-Me-PhCO2– SnMe3– O-Si- linkage followed by the elimination of 
p-Me-PhCO2SnMe3 and the formation of a new Ti-O-Si covalent link. This new covalent link 
results in a cube building block being bidentate between two titanium centers in the Ti3O2 core, 
as seen in Figure 73. The resulting final structure (right) reflects an open coordination position at 
Ti3 with the formation of TMT-ester. This reaction proceeds multiple times to set the structure of 




Figure 73: Hypothetical scheme and structures of ester elimination during first dose of the 
method of sequential additions strategy. 
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Based on these observations, the titanium centers in the catalytic ensemble have lower 
coordination numbers (5- and 6-coordinate) than those found in the Ti3O2 precursor with 6-
coordinate titanium centers, as illustrated in Figure 65 and Figure 74. This hypothesis and the 
observations described above will be further evaluated in conjunction with DRUV and XAS data 
discussed in more detail in the following sections. 
As mentioned in chapter 3, the synthesis of the single-site trinuclear titanosilicates presented 
in this work led to two different catalysts: high activity and low activity catalysts. Specific ratios 
of reactants, solvent choice, and reaction conditions described above yielded the active Ti3O2-bb 
catalyst.  Determination of these ideal reaction parameters involved changing reaction 
parameters in both crosslinking steps in the synthetic approach.  It is these changes in the 
synthetic protocol that also produced low activity catalysts. Some examples of these changes are 
as follows:  
 Changing the reaction solvent from THF to toluene resulted in true phase separation 
during the solvent extraction step of the sol-gel method. This increased phase separation 
produced a more rigid matrix which can potentially lead to a collapse of the matrix when 
drying under vacuum at higher temperatures. In contrast to toluene, the lack of phase 
separation with THF creates a gel-like solution that allows reaction components to have 




Figure 74: Possible trinuclear titanium centers in Ti3O2-bb catalyst. All μ2-oxygen atoms, other 
than bridging Ti-O-Ti oxo’s, are connected to silicon or carbon. Leftmost structure is Ti3O2 
precursor and Ti3O2-POSS core. 
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same with either solvent. However, reactions performed in toluene yielded a final 
precipitate that was colorless. Conversely, using THF as the reaction solvent produced a 
light tan final precipitate possibly indicating the coordination of THF to titanium. 
Dioxane was also explored as a reaction solvent and the results were identical to toluene 
except a flocculant, white final precipitate was obtained. 
 Changing the ratio of reactants in both crosslinking steps was also explored. Lowering 
the tin-cube to Ti3- precursor ratio (ideal is 6 : 1) in the first crosslinking step produced a 
poor catalyst. It is hypothesized that 3-4 equivalences of tin-cube are used to form the 
active site in the first crosslinking step while the excess cube is crosslinked during the 
growing of the matrix in the second crosslinking step. Also, lowering the ratio of the 
second crosslinking reactant, Me2SiCl2, is thought to create a tighter knitted matrix 
possibly leading to mass transport issues. 
 Attempts to streamline the synthetic approach by combining the drying and sublimation 
steps in the first crosslinking was explored. After the initial reaction period of the 
synthesis, bulk solvent was pulled off under vacuum at RT. Next, removal of all 
byproducts was performed at 100 ℃. This step did not proceed through the typical 
gelation step of the sol-gel method. The resulting precipitate was flocculant and colorless. 
The quantity of byproducts formed during the synthesis remained the same except for 
tetramethyltin which experienced a significant decrease in its formation. 
 Reaction temperature were also explored. Initial reaction steps were performed at the 
solvent boiling point to allow the reaction mixture to reflux. Therefore, increasing 
reaction temperatures were not experimentally practical. The lowering of reaction 
temperature did produce the same quantity of byproducts except for a slight decrease in 
tetramethyltin formation. These materials did however possess good catalytic activity. 
This prompted an additional experiment incorporating a static drying step. The results of 
the static drying step produced almost double the tetramethyltin formation and very poor 
catalytic activity. 
 Investigations into modifying reaction times provided some valuable information. The 
first crosslinking step experienced no change when reducing reaction times, and when 
decreasing the duration of the second crosslinking step the resulting material exhibited 
poor catalytic activity. Therefore, it was determined that the 4-day reaction time of the 
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second crosslinking is crucial.  This can be attributed to using a high ratio of the 
Me2SiCl2 linking agent : tin-cube (ideally 6 : 1) which requires ample time to react with 
all the Me3Sn functional groups.  The resulting material contains a more open matrix with 
a portion of the second crosslinkers being capped (1 of 2 chlorides reacted). 
Establishing the active site in the first crosslinking is probably the most important step 
and preservation of the Ti3O2-core leads to a better catalyst. The observed catalytic activity 
(described in detail in chapter 5) is a function of two factors: 1) all active sites are the same with 
the same accessibility, and 2) an optimal synthetic procedure that produces the right active site 
which is accessible. When both these conditions are met, then the catalysts with high activities is 
obtained. 
4.3.5 General Results of Ti3O2-MCM41 and Ti3O2-Davisil 
 The Ti3O2-bb catalyst’s properties, i.e. catalytic activities and selectivity’s of the single-
site titanosilicates developed in this research will be compared to popular titanium-containing 
mesoporous materials such as Ti-MCM-41 and Ti-SBA-15. While these materials contain 
mononuclear tetrahedral Ti4+ active sites, for comparison purposes, similar catalysts are also 
synthesized here by grafting the Ti3O2Cl3-cluster onto the surface of the pores in the silica 
matrix. MCM-41 and Davisil are used as the silica sources and the trinuclear titanium cluster is 
grafted onto the surface of the pores following procedures similar to those described for 
mononuclear titanium precursors.[28, 107-108] 
4.3.6 Elemental Analysis (ICP) 
Sample Preparation and Data Collection 
Each Ti-silicate sample is analyzed following the same measurement protocol described 
above for the standards. The final concentration of the solution (ppm) is calculated using 
Equation 26. To reduce any error during the analysis, the samples are analyzed in triplicate and 
an average concentration is reported. The average concentration is used to determine the weight 
percent of the element being analyzed (E) following Equation 27. 
𝑆𝑎𝑚𝑝𝑙𝑒 𝑝𝑝𝑚      
    
 𝑥 10   Equation 26 
𝑤𝑡 % 𝐸     
   
  𝑥 100% Equation 27 
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Finally, in addition to determining the wt % of the active metal in the final solid catalyst, 
a property of heterogeneous catalysts that is problematic in catalytic reactions is leaching of the 
active metal site from the host matrix. ICP analysis was also used to investigate this process and 
will be discussed in Chapters 5. 
Data Analysis 
An idea of molecular composition and connectivity of the titanium catalytic ensemble to 
the silica matrix can be obtained by the quantity of reactants and gravimetric analyses of the final 
products in a reaction. The titanium content (Ti wt%) of the materials can be estimated by 
stoichiometric ratios of reactants (e.g. Ti3O2 : tin-cube and Me2SiCl2 : tin-cube)  and volatile 
byproducts. However, this method does result in weighing errors (± 2.3%) due to potential loss 
of product during drying steps or changes in the amount of silicon grease from Schlenk reaction 
vessels. Therefore, the Ti wt% is also determined directly by ICP-OES. Table 6 summarizes the 
Ti wt% of the Ti3O2-bb catalysts obtained from gravimetric analysis as well as ICP-OES 




Table 6: Analysis of gravimetric data and ICP-OES titanium weight percent results for the 




4.3.7 Infrared Spectroscopy  
Characterization of titanosilicates using IR spectroscopy involves monitoring signature 
bands such as Si-O-H and Si-O-M vibrations. These bonds result from reactions involving tin-
cube and the inert linking agent, Me2SiCl2. Figure 75 shows an overlay of the IR spectra of 
Ti3O2 cluster (orange), Ti3O2-POSS (blue), and Ti3O2-bb (red). From the spectra, there are two 
absorption peaks between 1080 and 1200 cm-1 assigned to Si-O-Si stretching modes while the 
feature at ~800 cm-1 is assigned to the symmetric stretching of the Si-O bonds mainly from the 
inert linking agent Me2SiCl2. The main signature band observed in titanosilicates, 960 cm-1, is 
assigned to the Ti-O-Si asymmetric stretching of tetrahedrally coordinated titanium centers.[49, 
109] As expected, the Ti3O2 cluster does not have a peak in this range. While the Ti3O2-bb does 
have a shoulder in the 980 cm-1 region (Figure 76), the Ti3O2-POSS spectra does not contain the 
Ti-O-Si band in this region. Literature reports the signature Ti-O-Si (960 cm-1) band is assigned 
to linkages possessing a tetrahedral coordination of the titanium center. The Ti3O2-POSS 
material does contain 6-coordinate titanium centers as confirmed by gravimetrics, DRUV and 
XAS (to be discussed below). Therefore, the asymmetric stretches of the Ti-O-Si linkage in 
Ti3O2-POSS experience a shift to higher wave numbers, ~990 cm-1 (Figure 76) as compared to 
reported values of ~990 cm-1 for similar 6-coordinate titanium centers in silica.[109] Literature 
also assigns the symmetric stretching and bending mode of the 6-coordinate titanium centers in 
the Ti-O-Si bridges to a moderately intense and broad IR band at 642 cm-1 as well as the Ti-O-Si 
rocking band appearing at 545 cm-1. 
Additionally, The Ti3O2Cl3-cluster and -POSS spectra have bands slightly above and 
below the 3000 cm-1 line (indicated on the spectra Figure 75 and Figure 77) with the former 
arising from the C-H aromatic stretching of the rings on the tolyl groups, while the latter is 
attributed to the C-H aliphatic stretch of the p-methyl groups on the tolyl rings. These same 
bands are also present when analyzing the Ti3O2-POSS spectra, but the band above 3000 cm-1 
dominates this region with vibrations arising from the 7 phenyl groups on each of the three POSS 
building blocks coordinated to the titanium ensemble. The Ti3O2-bb spectra only has bands 
below 3000 cm-1 which are assigned to the methyl groups on the inert linking agent. However, if 




Figure 75: Overlaid IR spectra of Ti3O2 cluster, Ti3O2-POSS, and Ti3O2-bb. The tetrahedral Ti4+ 





Figure 76: Overlaid IR spectra of the fingerprint region, 1100-400 cm-1, for the Ti3O2Cl3-cluster, 
Ti3O2-POSS, and Ti3O2-bb. The 6-coordinate, Ti4+, Si-O-Ti signature 990, 960, 642, 544 cm-1 





Figure 77: Overlaid IR spectra of Ti3O2 cluster, Ti3O2-POSS, and Ti3O2-bb. The 3000 cm-1 band 

















Finally, the absence of absorption features between 3300-3500 cm-1 indicates no 
hydroxyl groups are present in these matrices. It must be noted that if surface hydroxy groups 
were present, not only would there be a broad peak in the 3300-3500 cm-1 region, the Si-OH 
stretch would also contribute to the 960 cm-1 peak.[110] 
Figure 78 shows an overlay of the 400 – 1300 cm -1 region in IR spectra of Ti3O2-bb 
catalysts with high and low catalytic activity.  The 960 cm-1 region is highlighted in the spectra. 
There appears to be some evidence for the tetrahedral Ti4+ Ti-O-Si features present for the low 
activity catalyst.  Additionally, the ~482 cm-1 band is also highlighted in these spectra as there 
exists a very strong correlation between the presence of this 482 cm-1 band and high catalytic 
activity which is noteworthy. Unfortunately, we have not been able to assign this vibrational 
band ambiguously to a bonding configuration in this material. 
The complete characterization of the titanium active site also involves comparison of the 
Ti3O2-bb catalysts to other Ti3O2 analogues. For IR analysis, a mononuclear Ti-MCM41 was 
synthesized following the grafting procedure described in Chapter 2. Figure 79 shows the IR 
spectra of dehydrated MCM-41 (green trace), Ti3-MCM-41 (purple trace), and Ti-MCM-41  
(grey trace). Inspection of the overlaid spectra indicates that all three species have similar 
spectra. The MCM-41 has been dehydrated which is evident by the low intensity broad peak in 
the 3300-3500 cm-1 region and little to no contributions to the 960 cm-1 peak (Si-OH stretch, 
inset of Figure 79). There are two distinct differences between the mononuclear and trinuclear 
titanium MCM-41 materials: 1) vibrational bands for the bridging carboxylates on the Ti3MCM-
41 material are visible in the 1615 to 1350 cm-1 region (aromatic C-H stretches <3000 cm-1 are 
generally weak in IR and hard to observe), and 2) the Ti3-MCM-41 spectra does not contain the 
signature tetrahedral Ti – O – Si (~960 cm-1, inset Figure 79) band whereas the mononuclear Ti-
MCM-41 spectra does contain this band, as expected.  
Finally, the overlaid IR spectra of both the grafted Ti3O2 analogues, Ti3-MCM-41 (purple 
trace) and Ti3-Davisil (light blue trace), can be seen in Figure 80. Both species have similar 
spectra except for the obvious broad band in the 3300 to 3500 cm-1 region and evidence of 
aromatic C-H stretch (carboxylic acid ligand) in the < 3000 cm-1 region of the Ti3-Davisil 
material. The products of both Ti3O2-containing materials were not subjected to a high 






Figure 78: Overlaid IR spectra of the fingerprint region, 1300-400 cm-1, for the Ti3O2-bb 
catalysts with high and low activity. 
 




Figure 79: Overlaid IR spectra of dehydrated MCM-41, Ti3-MCM-41, and Ti-MCM-41. The 






Figure 80: Overlaid IR spectra of Ti3-MCM-41 and Ti3-Davisil. 
 
 
Therefore, it would be assumed that hydroxyl groups might be present in these matrices. The 
absence of the ~960 cm-1 peak in both species indicates the Ti4+ centers involved in the Ti – O – 
Si linkages are non-tetrahedral geometries. 
4.3.8 Diffuse Reflectance UV-Vis Spectroscopy 
Sample Preparation and Data Collection 
 The materials synthesized in this research have a range of titanium wt% of 1.00 – 6.00%. 
The homogenizing step of the sample preparation described above was performed to satisfy two 
of the criteria mentioned in Chapter 3, eliminating sources of specular reflections, and small 
particle size as a fraction of overall sample thickness.  Each sample was prepared with a non-
absorbing diluent such as lithium fluoride (LiF). The sample to diluent ratio was approximately 
1:10 totaling ~650 mg. The addition of a diluent, LiF, and homogenizing the entire sample 
ensures that the entire diluted sample is representative of the titanosilicate material. The in-house 
fabricated sample holders allowed a material depth of ~1 mm thus meeting the thick sample 
criterion. Finally, the window of the sample holder is made of quartz and is ~2.5 cm in diameter 
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which satisfies the final criterion posed at the beginning of this section, the diameter of the 
incident radiation beam is smaller than the sample diameter. 
Data Analysis 
 The catalysts developed in this work used the tin-cube, Si8O12(OSnMe3)8, as the building 
block and method of sequential additions to create the support matrix for the catalytic ensemble. 
The support matrix and any remaining tin groups in the catalyst can contribute to absorption 
features around ~200-210 nm and ~240 nm, respectively. In an effort to understand these 
potential contributions to the absorption spectra of the Ti4+ sites, two Tifree- platforms were 
synthesized, and measured following the DRUV protocol described above (Figure 81). The grey 
trace (Tifree-platform with SnMe3) is the DRUV spectra of the platform synthesized with silicon 
tetrachloride bispyridine as the active linking agent while the yellow trace is the Tifree-platform 
(with no SnMe3) and is made from the tin-cube building block with Me2SiCl2 as the linking 
agent. A correction for any tin absorption in the catalysts was obtained by multiplying the Tifree-
platform by an arbitrary correction factor, 0.1 to 1, which was subtracted from the DRUV data 
collected for the materials developed in this work. The correction factor was selected based on 
qualitative peak appearance. Figure 82 shows the results of deconvolution and curve-fitting of 
DRUV spectra obtained after applying varying scaling factors (0.14 to 0.35%) to Ti3O2-bb data. 
This spectrum along with Figure 83 indicates that the peak positions remain relatively the same 
with a change in scaling factor while the peak intensities vary slightly.  
The DRUV spectra of Ti3O2 cluster and platform-corrected spectra of Ti3O2-POSS and 
Ti3O2-bb catalysts are shown in Figure 84. All the spectra exhibit some common absorption 
bands. Beginning with the Ti3O2 cluster (Figure 85), there is a broad band centered at ~360 nm 
that is associated with the tolyl groups (μ2-O2CPhMe) in the complex which experiences a blue 
shift in the band maximum with the removal of these ligands. A noticeable similarity in all the 
spectra is the absorption band between 200 and 220 nm that is observed in all materials 
synthesized in this work. Additionally, as described in Chapter 3, one of the main absorption 
bands of the Ti3O2-POSS and Ti3O2-bb catalysts resides in the 260 – 270 nm range which has 
been previously been assigned to titanium centers with penta- or octa-coordinate titanium 
centers[96]. The absorption bands between 270 – 290 and 330 – 350 nm are thought to arise 




Figure 81: DRUV spectrum of titanium free material. Ti-platform (no SnMe3) is the yellow 





Figure 82: The results of deconvolution and curve-fitting of DRUV spectra obtained after 





Figure 83: An overlay DRUV spectrum obtained after applying varying scaling factors (0.14 to 





Figure 84: Overlaid DRUV spectra of Ti3O2 cluster and tin-corrected spectra of Ti3O2-POSS 

















Ti – O – Ti linkages reside within a SiO2 matrix and are associated with 6-coordinate titanium 
centers, as shown in Figure 86 and Figure 87 for the Ti3O2-POSS and Ti3O2-bb high activity 
materials, respectively. 
The absorption region between 260 and 350 nm is of great interest for the catalysts 
developed here. Gravimetric and IR results indicate that no tetrahedral Ti4+ sites are present in 
the catalysts; therefore, we would only expect to see maximum absorption bands associated with 
higher coordination Ti centers (5- and 6-coordinate). The Ti3O2Cl3-cluster, Ti3O2-POSS, and the 
high activity catalyst spectra have absorption bands and edges in the 300 – 450 nm region 
indicating the presence of these higher coordination titanium centers. The absorption band 
maximum and edges are influenced by the coordination number and nuclearity of the titanium 
centers (Ti – O – Ti bridges) as well as the particle size (TiO2). Additionally, Wang et al.[111] 
reported that bands in the 240 to 290 and 320 to 360 nm regions originate from extra-framework, 
anatase phase titanium. Wang supported this with the observation that as the amounts of TiO2 
increased, both the bands increased proportionally in intensity. With this in mind, and the results 
from Table 7, the general conclusion from DRUV data is that all Ti3O2 species contain higher 
coordination titanium centers (e.g. 5- and 6-) with the Ti3O2Cl3-cluster, Ti3O2-POSS, and Ti3O2-
bb catalysts with high activity all exhibiting absorption characteristics similar to Ti3O2 domains 
found in anatase phase titania (Ti-O-Ti). The Ti3O2-bb catalysts synthesized here that exhibit low 
catalytic activity do not contain the anatase-like band located in the 320-360 nm region, Figure 
88.  Finally, the high activity catalysts experience a smaller loss of tolyl groups, as compared to 
their low activity counterparts, possibly indicating a relationship between the number of tolyl 
groups and activity. 
Analysis of the DRUV data for the titanium analogues revealed two different Ti4+ 
centers, Figure 89. The mononuclear Ti-MCM-41 material (grey trace) shows only a peak 
centered at ~207 nm indicating tetrahedral Ti4+ centers. The trinuclear Ti3-MCM-41 material 
(purple trace) has an absorption band centered at ~235 nm indicating a higher coordination 
geometry (penta- or octa-coordination). Additionally, the trinuclear analogue has the same 





Figure 86: The results of deconvolution and curve-fitting of a Tifree-platform corrected Ti3O2-





Figure 87: Results of deconvolution and curve-fitting of a Tifree-platform corrected Ti3O2-bb 












Table 7: Results from deconvolution and curve-fitting of DRUV spectra for all species 




4.3.9 X-ray Absorption Spectroscopy Analysis 
Sample Preparation and Data Collection 
All materials synthesized in this research contain a low percentage (1 – 3 wt.%) of 
titanium metal. Referring to Figure 47, the k-edge of titanium has an absorption energy of 
4966.4 eV.[112] As mentioned above, EXAFS is an ideal technique to determine the 
microstructural environment of materials, but it comes with a consequence that the element of 
interest in samples must be fairly concentrated.[113]  In addition, the beamline at NSLS II has an 
energy range of 4.5 keV to 23 keV which puts the K-edge of titanium at the low end of its 
capabilities. Taking into consideration the low titanium wt.% in the materials synthesized here 
and the very low K-edge absorption energy, direct absorption techniques using transmission 
mode is not feasible. However, in front side fluorescence mode, the fluorescence photons 
generated do not require measurement of transmitted photons making the direct measurement of 
the K-edge absorption energy possible.[113]  Therefore, all XAS measurements involved in this 
research were performed in fluorescence mode. 
Data Analysis: XANES 
X-ray absorption near-edge structure (XANES) is an ideal technique to determine the 




Figure 88: The results of deconvolution and curve-fitting of a corrected Ti3O2-bb low activity 







Figure 89: Overlay of DRUV spectra for the Ti3-MCM-41 and Ti-MCM-41 grafted materials. 
 
 
of the first coordination sphere around the titanium absorber directly effects the position, shape, 
and intensity of the pre-edge feature in the XANES region.  
In this overview of the XANES characterization of the catalysts prepared in this work 
four types of samples will be described in detail: 
1. The Ti3O2Cl3 cluster that is the molecular precursor to the Ti3O2 site in the catalysts 
2. The Ti3O2-POSS sample that is a molecular analogue to the first-dose linking reaction 
in the sequential dosing strategy used to make the final catalyst 
Two types of Ti3O2-bb (building block) catalysts: 
3. Low activity Ti3O2-bb materials which exhibit low epoxidation activities 
4. High activity Ti3O2-bb materials which exhibit high epoxidation activities 
Epoxidation activities will be discussed in detail in chapter 5. 
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Spectra of the XANES and early EXAFS region (Figure 90) was obtained from the XAS 
experiments, using the Athena program, for the Ti3O2Cl3-cluster, Ti3O2-POSS and the high 
activity Ti3O2-bb catalyst, following the procedures described in Chapter 2. Peak position, peak 
width, and peak intensity data are summarized in Table 8 and briefly described below. Figure 91 
shows only the XANES region of the XAS spectra of the titanium cluster precursor, POSS 
analogue, high activity catalyst, and several low activity Ti3O2-bb catalysts synthesized in this 
work.  
Ti3O2Cl3-cluster 
 The pre-edge region in the XANES spectra of the titanium cluster precursor shows a low 
intensity, three band pattern which is typical of a 6-coordinate complex (green trace in Figure 
92). This low intensity pre-edge feature, relative to the edge jump, is assigned to the Laporte 
forbidden 1s → 3d electronic transition typical for titanium centers with octahedral 
centrosymmetry. A lower-energy shoulder is visible on the main absorption edge (~4980 eV) 
which has been previously assigned to the titanium based, Laporte forbidden 1s to 4p shakedown 
transition.[114] As mentioned in Chapter 2, octahedral titanium centers would not be expected to 
show a pre-edge peak due to the Laporte selection rule. However, mixing between the 4p and 3d 
orbitals is often observed.  This lower-energy shoulder is most likely due to the d/p mixing 
among absorber and nearby titanium centers, and involves an electronic transition to a 4p orbital 
of absorbing titanium center, or a combination of one quadrupolar electronic transition to a T2g 
orbital on the absorber in addition to two dipolar transitions to the Eg and T2g orbitals on a nearby 
octahedral titanium center.[114-115] 
 Generally, a smooth main edge is typical for Ti4+ absorbers with only oxygen in its first 
coordination sphere. However, as seen in Figure 90, when a chloride ligand is present in 
titanium’s inner sphere (Ti – Cl) a higher-energy shoulder is observed on the main absorption 
edge whose intensity increases with the number of Ti – Cl bonds. Therefore, based on the 
position AND intensity of the pre-edge feature falling in the 6-coordinate region (inset in Figure 
90), XANES data supports the octahedral coordination around titanium in the Ti3O2Cl3-cluster 





Figure 90: XAS spectra of the XANES and early EXAFS region of Ti3O2Cl3-cluster, Ti3O2-bb, 
and Ti3O2-POSS. The inset shows the coordination number of titanium for each material with 
respect to position (eV) versus intensity (normalized height of pre-edge peak). Stars in plot 









Table 8: Titanium K-edge values for Ti3O2 species. Colored stars for each species correlate with 





 The pre-edge region in the XANES spectra of the molecular complex, Ti3O2-POSS, 
mirrors the Ti3O2Cl3-cluster with two exceptions: 1) the pre-edge peak in Ti3O2-POSS (red trace 
Figure 92) shows a similar low intensity pre-edge feature as the Ti3O2 cluster except for the 
absence of the 1s to 4p transition at ~4973.5 eV (peak A3 in Figure 92), 2) as well as the absence 
of the  higher-energy shoulder on the main pre-edge absorption peak (green trace in Figure 90) 
indicating all the chloride ligands reacted with the tin-cube when forming the Ti – O – Si 
linkages consistent with gravimetric analysis and 1H NMR). 
The spectra of the XANES regions of Ti3O2-POSS, Figure 90, shows a smooth main 
absorption edge which is typical for Ti4+ absorbers with only oxygen in their first coordination 
spheres. Therefore, XANES data supports the linking reaction with loss of the chloride ligands 
on the titanium precursor while maintaining the octahedral coordination of the Ti3O2-POSS 
molecular complex based on the position and intensity of the pre-edge feature falling in the 6-




Figure 91: XAS spectra of the pre-edge feature in the XANES region of the Ti3O2Cl3-cluster, 
Ti3O2-POSS, and several Ti3O2-bb catalysts. Colors of traces correlate to materials in Table 8. 
 
 
Ti3O2-bb (XANES)  
 As described above, IR and DRUV data suggests that some or all of the titanium centers 
in trinuclear catalysts experience a reduction in coordination number (CN) around the metal 
centers during the synthesis of Ti3O2-bb catalysts. Similarly, the pre-edge feature observed in the 
XANES data shows conclusive evidence of a CN change in the titanium centers for the Ti3O2-bb 
catalysts, Figure 91, when compared with the Ti3O2Cl3-cluster starting material (green trace).  
 The Ti3O2-bb high activity (blue trace Figure 90) has a slightly more intense and sharp 
pre-edge peak as compared to the Ti3O2Cl3-cluster which is consistent with the titanium centers 
are no longer centrosymmetric. While the height of the pre-edge peak (27%) is within 6-
coordinate limits (yellow box in inset, Figure 90) the peak position (4970.6 eV) is significantly 
outside of the 6-coordinate region which is consistent with a decrease in coordination geometry. 
Fargas et al. found that BOTH the pre-edge position and height must be considered when making 
a determination of coordination around titanium centers in oxide compounds.[100] Based on 
these correlations, we conclude that the Ti3O2-bb high-activity catalyst most likely contains a 





Figure 92: XAS spectra of the pre-edge feature in the XANES region of Ti3O2 cluster (green 
trace) and Ti3O2-POSS (red trace). 
 
  
 The Ti3O2-bb low-activity catalysts (indicated by purple arrows in Figure 91) all have 
intense pre-edge peaks (height of the pre-edge peak between 53 and 60%) with peak positions of 
4970.3 eV which are consistent with titanium centers most likely containing pure 5-coordinate 
titanium centers. 
Finally, the XANES data for the Ti3O2-bb samples indicates that all the chloride ligands 
coordinated to titanium have been lost by the absence of the higher-energy shoulder on the main 
absorption edge. This supports our earlier conclusion that all the chloride ligands (Ti – Cl) 
reacted with the tin-cube forming the Ti-O-Si linkages and the Me3SnCl byproduct. 
 The XANES data above provides strong evidence that the Ti3O2Cl3-cluster and Ti3O2-
POSS molecular complexes possess 6-coordinate titanium centers while the Ti3O2-bb materials 
contain mixtures of 5- and 6-coordinate titanium centers. Gravimetric analysis, IR, and XANES 
data indicate that all chloride ligands were removed from the titanium centers in both the Ti3O2-
POSS and Ti3O2-bb species and only oxygens atoms remain as nearest neighbors to titanium 
ions. To obtain a better understanding of the symmetry and coordination numbers of neighboring 
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atoms around the titanium centers in the trinuclear core of the catalytic ensemble, the Artemis 
program is employed next to develop structural models for the Ti3O2 core based on the EXAFS 
data. 
Extended X-ray Absorption Fine Structure (EXAFS) Analysis 
 Artemis uses FEFF multiple scattering theory[103] to produce theoretical phase and 
amplitude functions in order to derive single and multiple scattering paths between the absorbing 
titanium center and atoms in a series of coordination shells. Each scattering path can be written 
as χi(k): 
𝜒 𝑘   
𝑁 𝑆  𝐹 𝑘
𝑘𝑅
𝑠𝑖𝑛 2𝑘𝑅   𝜑 𝑘 𝑒  𝑒  
There are several user modifiable modeling parameters available in Artemis, but caution must be 
taken to not over parameterize the fit which is frequently indicated by high correlations between 
fitting parameters. These parameters are: N which is the coordination number, S20 is an empirical 
amplitude reduction factor accounting for intrinsic inelastic losses to the amplitude, σ2  the 
Debye-Waller factor, R is the path length between the absorber and a backscattering shell of 
atoms, and ∆E0 is an adjustment to E0 which aligns the energy scale of the data and theory. A 
complete list of user-defined and fit-parameters parameters is shown in Table 9. When defining 
the catalyst ensemble, N and R are important parameters in determining the number and distance 
of nearest neighbors around the X-ray absorbing center. S20 values ideally refine to values 
around 0.8. Another model parameter is the Debye-Waller factor (σ2). This value is a measure of 
the static dynamic disorder around the absorber. Unrealistic values of this parameter can lead to 
false structural models. Values that are too small represent a model that magnifies the ligands 
contribution, while large Debye-Waller factors are a result of too small of a ligand 
contribution.[116]   
When modeling EXAFS data from the Ti3O2Cl3-cluster, the crystal file was used to 
obtain scattering paths, whereas for the Ti3O2-POSS and Ti3O2-bb materials, models were 
created using Avogadro (Advanced Molecular Editor and Visualizer) from which the FEFF 









 The core structure of the Ti3O2Cl3-cluster is obtained from the X-ray diffraction crystal 
file and shown in the inset of Figure 93. The first shell around the titanium absorber contains 5 
oxygen atoms (in red) and one chloride atom (green). The second shell contains titanium (blue) 
and carbon atoms (grey). The crystal structure was used to generate the scattering paths between 
the absorber and close neighbors and reasonable results were obtained when developing a 
structural model using the EXAFS data of this species, as described below. 
Figure 93 (left) shows the phase corrected R plot generated from EXAFS data and FEFF 
scattering paths of the Ti3O2 cluster. In the initial structural models used in Artemis, the titanium 
atom labeled Ti-1 (Figure 93 and Figure 94) is defined as the absorber. The first shell of the 
Ti3O2 cluster contains three types of oxygen atoms (5 total), as indicated by the broad peak 
labeled Ti – O, and one chloride atom labeled Ti – Cl. One of the oxo ligands is bridging 
between two titanium centers (d(Ti-O) = 1.77 Å) while the other bridging oxo is bridging 
between all three titanium atoms at 1.91 Å. The remaining three oxygen atoms belong to the 
bridging carboxylates with bond lengths of ~2.00 Å. The shoulder on the right side of this broad 
peak is modeled as a chloride atom located at 2.27 Å from the absorber. Other than the absorber 




Figure 93: (left) R space plot of Ti3O2Cl3-cluster with FEFF fit. Ti1 is used as the absorber. 








Figure 94: Illustration of Ti3O2Cl3-cluster core with bond lengths obtained from EXAFS data. 
 
 
trinuclear active site core, both of which reside in the second coordination sphere of the absorber. 
The titanium atom labeled Ti-2 has a Ti - - - Ti separation of 2.96 Å while Ti-3 has a separation 
of 3.50 Å from the absorbing titanium atom Ti-1. The results of the EXAFS structural model 
with respective fitting parameters are summarized in Table 10 (top). This model served as the 
starting point for the remaining two species of interest, Ti3O2-POSS and Ti3O2-bb.While this 
model certainly reflects an acceptable fit to the Ti3O2Cl3-core (R-factor = 0.017), refinement of 
these values might be possible if all different titanium environments were considered in the 
EXAFS structural fit. This extensive of a model, however, would undoubtedly lead to over 
parameterization and high parameter correlations. With this consideration in mind, a cumulative 
model was developed, similar to the procedure described above, using each titanium atom in the 
Ti3O2-core (Ti-1, Ti-2, and Ti-3) as an absorber and sets of nearest neighbors to each titanium. 
Each of the single and multiple scattering paths, with respect to the titanium absorbers Ti-1, Ti-2, 
and Ti-3, were included in a cumulative EXAFS molecular fit (30-40 total scattering paths) with 
the results and their respective fitting parameters summarized in Table 10 (bottom). Due to the 
symmetry of the Ti3O2Cl3-precursor, when possible, similar atoms (i.e. oxygen, carbon, and 
silicon) in coordination shells around the absorber were assigned the same Debye-Waller factor 
(σ2) and ∆R parameters to minimize over-parameterization of the fit. 
The EXAFS data results are shown in Figure 95 with the cumulative molecular fit being 
the green trace and the fit using only Ti-1 as the absorber is in red. While the preparation time of  
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Table 10: EXAFS modeling parameters and results for the Ti3O2Cl3-cluster. (top) The fit was 






Figure 95: Overlay of R space plots of Ti3O2Cl3-cluster with FEFF fit. The red trace is an 
EXAFS fit using only Ti-1 as the absorber and the green trace from a cumulative molecular fit 
using all titanium atoms as absorbers. Inset shows trinuclear core labeling titanium absorber, Ti1. 
 
 
the cumulative EXAFS structural fit was high due to managing the 30-40 scattering paths 
included in the fit, the results were excellent with almost a perfect fit to the experimental data 
using both methods. 
Ti3O2-POSS 
In terms of EXAFS, the Ti3O2-POSS complex is an ideal model of a molecular species 
bridging the gap between the Ti3O2Cl3-cluster precursor and the Ti3O2-bb catalyst. During the 
synthesis of Ti3O2-POSS, only the chlorides (Ti – Cl) react with the tin-cube (as confirmed by 
gravimetric analysis and 1HNMR) to form the Ti – O – Si linkages also expected in the Ti3O2-bb 
catalyst. This structural model is similar to the above model of the Ti3O2Cl3-cluster with the 
exception of a – O – Si ≡ group replacing the chloride ligand resulting in the first coordination 
sphere around the titanium absorber consisting of only oxygen atoms, as shown in Figure 96 
(red atoms in the inset).  
A structural model was created using Avogadro and the crystal file of Ti3O2Cl3-cluster. 




Figure 96: R space plot of Ti3O2-POSS with FEFF fit. Inset shows trinuclear core labeling 
titanium absorber, Ti-1. All bond lengths in angstroms. 
 
(DFT). Calculations were performed on the Ti3O2Cl3-cluster as well as the tin-functionalized Ph-
POSS ligand using the M06-2X functional and the Def2-TZVP basis set. This functional/basis 
set combination has been previously used by our group and was successful in obtaining 
optimized structures for metal chlorides and oxides. Next, the chloride ligand on the DFT 
optimized Ti3O2Cl3-cluster was replaced with the Ph-POSS ligand (minus the tin functional 
group) followed by DFT geometry optimization using the above method. This process was 
repeated with the second chloride ligand on the titanium complex. Unfortunately, the model now 
involved over 100 atoms and the computational costs were skyrocketing. Therefore, after 
replacing the final chloride ligand on the titanium complex with the Ph-POSS ligand, the well-
known B3LYP functional was used for the final geometry optimization due to having a lower 
computational cost as compared to M06-2X. The cartesian coordinates obtained from this final 
optimized structure were used to create the FEFF theory model (as seen in the appendix) needed 
in Artemis to produce the scattering paths used in the structural modeling of EXAFS data. 
Figure 96 shows the phase uncorrected R plot generated from EXAFS data and FEFF 
scattering paths of the Ti3O2-POSS complex. In this illustration of the Ti3O2 core, the titanium 
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atoms are silver with the titanium absorber denoted as Ti-1, oxygen atoms are red, and only a 
portion of the carbon backbone of carboxylates is shown in black. Setting up the structural 
modeling of this species for EXAFS is a bit more challenging as there are four different oxygen 
atoms in the first shell of the titanium absorber. The two oxygen atoms bridging titanium centers 
have bond lengths of 1.85 and 2.03 Å while three oxygen atoms belonging to the bridging 
carboxylates have bond lengths of ~2.00 Å. The last oxygen atom belongs to the Ti– O– Si ≡ 
linkage with a bond length of 1.85 Å. There are two additional titanium atoms (labeled Ti-2 and 
Ti-3) present in the trinuclear active site core, both of which reside in the second coordination 
sphere of the absorber. The titanium atom labeled Ti-2 has a separation of 2.93 Å while Ti-3 has 
a separation of 3.58 Å to the absorbing titanium atom Ti-1. Finally, the silicon atom present in 
the second shell originates from the Ti– O – Si ≡ linkage and has a Ti --- Si separation of 3.46 Å. 
The EXAFS structural fit converged with a R-factor of 0.011 and all values are shown in Table 
11. 
The EXAFS molecular model certainly reflects a good fit to the experimental data of the 
Ti3O2-POSS (R-factor = 0.011), refinement of these values might be possible if all different 
titanium environments were considered in the EXAFS structural fit. The addition of the POSS 
ligands brings an additional type of oxygen atom into the first coordination sphere of the 
 
 




titanium absorbers creating a more extensive model than the cumulative molecular model of 
Ti3O2Cl3-cluster. 
A cumulative model was developed similar to the procedure described above, using each 
titanium atom in the Ti3O2-core (Ti-1, Ti-2, and Ti-3) as an absorber and nearest neighbors to 
each titanium (3 total). Each of the single and multiple scattering paths, with respect to the 
titanium absorbers Ti-1, Ti-2, and Ti-3, were included in a cumulative EXAFS molecular fit with 
the results shown in Figure 97 and their respective fitting parameters summarized in Table 12. 
As described above for the titanium precursor complex, the cumulative method uses 30-40 
scattering paths and considering the symmetry of the sample similar atoms (i.e. oxygen, carbon, 
and silicon) in coordination shells around the absorber were assigned the same Debye-Waller 
factor (σ2) and ∆R parameters to minimize over-parameterization of the fit. 
 In the Ti3O2-POSS complex, both Ti-1 and Ti-2 have the same ligands coordinated to the 
titanium atoms: three bridging carboxylate ligands, two bridging oxo ligands and one Ti-O-Si 
linkage. As seen from the cumulative molecular fit data in Table 12, all bond lengths and 
separations from the Ti-1 and Ti-2 absorbers are identical indicating the symmetry of the Ti3O2-




Figure 97: Overlay of R space plots of Ti3O2-POSS with FEFF fit. The red trace is an EXAFS 
fit using only Ti-1 as the absorber and the green trace from a cumulative molecular fit using all 
titanium atoms as absorbers. Inset shows trinuclear core labeling titanium absorber, Ti-1. 
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Table 12: EXAFS modeling parameters and results for the Ti3O2-POSS. The fit was performed 











separations when using Ti-3 as the absorber, all the carbon, silicon, and titanium values are 
relatively the same as the values obtained when using Ti-1 and Ti-2 as the absorbers. However, 
the oxygen bond lengths to the Ti-3 absorber do experience some slight changes in their values. 
This change in Ti-O bond lengths is due to the number of ligands coordinated to the Ti-3 atom, 
which is as follows: four carboxylate ligands, one dative-bond oxo ligand, and a Ti-O-Si linkage. 
The cumulative EXAFS structural model reflects a good fit to the experimental data (R-factor of 
0.010) of the Ti3O2-POSS molecular complex although the management of the large quantity of 
scattering paths was time intensive. 
Comparison of  the EXAFS structural results (Figure 97) between the cumulative 
molecular fit (green trace) and the fit using only Ti-1 as the absorber (red trace) show that the 
cumulative model was a slightly better fit to the experimental data (blue trace) as compared to 
using only Ti-1 as the absorber. The cumulative model does capture the true connectivity to each 
of the titanium atoms by taking into consideration the different types of ligands coordinated to 
the Ti-3 atom as compared to Ti-1 and Ti-2. There are some minor differences at low R (radial 
distance) that may be attributed to the uncertainty of the environment of the new POSS ligand 
with respect to the titanium absorbers. The uncertainty in the location of the first and second 
coordination sphere atoms involving the POSS ligand, oxygen and silicon, led to an extremely 
high preparation time of the cumulative EXAFS structural model.  
Table 13 summarizes the EXAFS structural results of the Ti3O2Cl3-cluster and Ti3O2-
POSS materials, using both methods of modeling (i.e. from Ti-1 absorber and cumulative 
model). Comparing these structural results to the Ti3O2Cl3-cluster XRD crystal data indicates: 
1) The XRD and EXAFS derived structural models agree very well. 
2) The Ti3O2-core gives a very clear structural signature in the EXAFS data. 
3) The “structural signature” is a good starting place for modeling the unknown 
structures of the Ti sites in the Ti3O2-bb catalysts. 
While both models produce values that are consistent with the structural parameters 
obtained from X-ray diffraction studies, the catalysts synthesized in this work need a reliable 
modeling protocol to obtain reliable initial models for the unknown structures. Using all three  
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Table 13: Ti3O2Cl3-cluster structural parameters obtained from X-ray diffraction data and 




titanium atoms as absorbers leads to a better model of the novel catalysts presented in this thesis, 
however, knowledge of the nearest neighbors to EACH titanium atom is required, and 
unfortunately not always available.  Also, if symmetry is broken in the Ti3O2-bb catalysts 
synthesized in this work, using a cumulative method would most likely involve < 50 scattering 
paths and overparameterization is inevitable. Therefore, by using 13C SSNMR, gravimetric 
analysis data (e.g. tolyl groups present) and XANES data, a tentative list of nearest neighbors to 
all titanium atoms in the Ti3O2-core can be put into the model and further refined to obtain a 
fractional population model, as will be described below. 
Ti3O2-bb  
 The EXAFS model to be discussed is that for the Ti3O2-bb single-site heterogeneous 
catalysts with high and low activity which is the primary focus of this work. At the onset of 
structural modeling using EXAFS data of this catalyst an assumption is made that the Ti3O2 core 
has remained intact. Ultimately, how well this model fits the experimental EXAFS data will be 
used to determine if this assumption is correct. Evaluation of gravimetric analysis, 1HNMR, 
DRUV, and XANES techniques has shown that the titanium ions are 5- or 6-coordinate centers 
or a mixture of both, as previously seen in Figure 74. Additionally, the above spectroscopic 
techniques confirm that 1-2 tolyl groups are present in the Ti3O2-bb catalysts and an assumption 
is made that they are coordinated to titanium, therefore, a certain number of Ti – O – Si≡ 
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linkages are assumed to complete the first coordination of titanium centers (5 or 6). The left 
image of Figure 98 is an illustration of a possible structure containing only 5-coordinate titanium 
centers, whereas the right illustration reflects 5- and 6-coordinate titanium centers. 
Distinguishing between these two possible models involves simply removing the two highlighted 
neutral ligands (right image of Figure 98). The identity of these neutral ligands will be described 
below. Each of these structural models were created using Avogadro from which the FEFF 
theory produced theoretical scattering paths used in the structural modeling of EXAFS data. 
What is known from the characterization techniques above is that during the synthesis of 
Ti3O2-bb, all the chlorides (Ti – Cl) reacted with the tin-cube as well as 3-4 of the tolyl groups 
(Ti – O – C) were removed to form the Ti – O – Si linkages that are expected in the Ti3O2-bb 
catalyst. With the assumption that both bridging oxo’s (Ti – O – Ti) in the Ti3O2 core remained 
intact, an EXAFS structural modeling fit was initiated beginning with the first coordination 
sphere (one bond away) around the titanium absorber (Ti-1) consisting of only oxygen atoms 
with different bond lengths (Ti – O). Each shell of oxygen atoms was assigned fitting parameters 
according to their approximate distance from the Ti1 absorber and their contribution to the 




Figure 98: Illustration of two possible structures of all 5-coordinate (left) and both 5- and 6-
coordinate (right) titanium centers in Ti3O2-bb catalysts. Shaded regions show neutral ligands. 
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contains titanium, silicon and carbon atoms, Ti----Ti, Ti----Si and Ti----C, and these additional 
shells of atoms were included in the modeling fit by assigning fitting parameters using scattering 
paths generated from FEFF which included the intramolecular distances and contributions to the 
EXAFS data. The inclusion of all these first and second coordination sphere atoms should 
provide a full model that captures the trinuclear titanium active site ensemble. 
 The development of the synthetic protocol for the Ti3O2-bb catalyst involved 
investigations into varying linking agents and reaction conditions, with the ideal reaction 
parameters described above. What we discovered was that by changing these parameters two 
types of catalysts were produced, an extremely active catalyst and a catalyst with lower activity. 
While traditional spectroscopic techniques did not offer much insight into these two different 
active site ensembles, XAS data of these catalysts provided a clearer picture of these distinct 
titanium active sites. Figure 99 shows both the results of the XANES studies and EXAFS plots 
with the low and high activity catalysts. The large first coordination sphere feature in the EXAFS 
data of the three pure 5-coordinate species (green box, low activity catalysts) have relatively the 




Figure 99: R space plot of EXAFS data for Ti3O2-bb catalysts synthesized in this work. Three 
dashed curves are low activity catalysts while the solid blue curve is a catalyst with high activity. 
The intensity of the Ti – O feature in the plot is highlighted. (inset) Plot of XANES data of 
catalysts reflecting coordination around titanium absorber. 
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blue trace, high activity catalyst). Therefore, we expect that the models for the high and low 
activity catalysts will be different. 
When developing a structural model of the highly active catalyst, a mixture of titanium 
centers (5- and 6-coordinate) must be taken into consideration. Typical EXAFS modeling begins 
with an absorber atom, Ti-1, that represents majority of the titanium atoms in the material having 
similar coordination and connectivity. Considering the highly active catalysts has mixed 
coordination titanium centers as well as multiple types of ligands present, EXAFS structural 
modeling using only the Ti-1 absorber would not provide a reasonable EXAFS structural fit.  
As described above, the results from the cumulative method for the Ti3O2Cl3-cluster and 
POSS analogue show that the nearest neighbors to the Ti3 absorber have different bond lengths 
or separations. Therefore, we concluded that the environment around Ti3 is different than the Ti1 
and Ti2 absorbers. As can be seen in Figure 95 and Figure 97, the cumulative model fits the 
experimental data as good if not better than when using only Ti1 as the absorber. These results 
indicated that the cumulative molecular model is an effective molecular model for our samples 
and can act as a “benchmark” for the modeling protocol of the unknown Ti3O2-bb catalysts. 
Applying the cumulative molecular model to the Ti3O2-bb catalysts was quite 
cumbersome as this method used the 10-15 scattering paths from each individual fit (with Ti1, 
Ti2, and Ti3 as absorbers) and “knitted” them together in one model. Difficulty arose when 
trying to keep up with < 50 scattering paths all the while avoiding overparameterizing the fit. 
Therefore, a fractional population of nearest neighbors to titanium centers was employed to 
capture the coordination and connectivity around the titanium atoms using only 10-15 scattering 
paths with a weighted average of each path’s contribution. While both methods represent two 
very different strategies, they take into account all Ti atoms in the core with the major difference 
being the number of scattering paths used in the fit. When using a fractional population method 
to model all titanium absorbers in a sample, the number of scattering paths is drastically reduced 
(10 to 15) which minimizes the chance of overparameterization and time consumption. 
The Aggregate FEFF calculation subroutine in Artemis takes the scattering paths 
developed in FEFF for all inequivalent Ti absorber atoms and “knits” them together, weighted by 
fractional population of the site, into a consistent model of the most important (first and a few 
second backscattering atom shells) paths to stay within the maximum parameter limits set by the 
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number of data points in the collected EXAFS curves. Unfortunately, this Aggregate function in 
Artemis is only applicable to crystal data imported for the FEFF calculation. Therefore, the 
fractional population model seen in Figure 100 has been developed in a manner similar to 
calculations based on crystal data and modified to the present catalyst ensemble. In this example, 
gravimetric analysis indicated that two bridging carboxylates were present and XANES data 
indicated that there was a mixture of 5- and 6-coordinate titanium centers. The two 6-coordinate 
and one 5-coordinate Ti3O2-bb model was selected which contains a total of 3 titanium, 17 
oxygen, 2 carbon, and 6 silicon atoms. The fractional population values for each titanium 
absorbers nearest neighbors (“seeing”) are 5.67 oxygen atoms, 1.33 carbon, 2.00 silicon, and 
2.00 titanium atoms. A breakdown of the fractional population assignments for each titanium 
absorber, Ti-1, Ti-2, and Ti-3. is shown on the right of the figure with the results of this fit 
discussed below and seen in Table 14. 
The XANES data indicates that the titanium atoms have a mixture of 6- and 5-coordinate 
centers which leads to two possible models: 1) two 6-coordinate and one 5-coordinate titanium 
center (6,6,5), and 2) one 6-coordinate and two 5-coordinate titanium centers (6,5,5). Figure 101 
shows the results of the two EXAFS models of the highly active catalyst. The major differences 
in the EXAFS data of these two models is the (6,6,5) model has one additional oxygen as 
compared to the (6,5,5) model. Both visually and in the R-factor for these models one can easily 
see that the model of two 6-coordinate titanium and one 5-coordinate titanium better fits the data 
then the two 5-cordinate and one 6-coordinate number model. These models lead to the 
conclusion that the catalytic ensemble most likely contains two 6-coordinate and one 5-
coordinate titanium centers (top plot of Figure 101, and Table 14) and the trinuclear titanium 
core is intact based on the titanium separations remaining similar when compared to the 
Ti3O2Cl3-precursor complex and the Ti3O2-POSS analogue. Based on this model, the trinuclear 
catalytic ensemble contains 17 oxygen atoms directly bound to titanium of which there are 6 Ti – 
O – Si linkages, 4 Ti – O – C linkages, 5 Ti – O – Ti linkages, and 2 oxygen coordinated neutral 
ligands. This assignment of oxygen atoms is supported by the Ti3O2 complex precursor which 
contains two bridging oxo’s between titanium atoms, one μ2 and the other a μ3, for a total of       















Table 14: EXAFS modeling parameters and results for the Ti3O2-bb highly active catalyst 





the model containing the two 5-coordinate and one 6-coordinate titanium centers is available in 
the appendix. 
The EXAFS model described above does not identity explicitly the neutral ligand 
associated with the last oxygen for the 6-coordinate Ti sites, illustrated in Figure 98 and the 
fractional population model shown in Figure 100. As described in the experimental synthetic 
section of the Ti3O2-bb catalysts (section 4.2.4), the synthesis of the highly active Ti3O2 based 
catalysts is performed in tetrahydrofuran (THF) as well as the washing of the final catalyst. 
During the synthesis the samples were heated to 80-100 ℃ under vacuum and under these 
conditions any physisorbed THF would have been removed. It is well-known that THF is a 
coordinating ligand and considering the large excess of THF present during the synthesis we 
hypothesize that THF is the coordinating ligand in our catalysts.  The results from 13C SSNMR 
show evidence of THF in our catalysts which supports our hypothesis of including THF in the 
EXAFS model. Therefore, the fractional population EXAFS models were modified to include the 
two β-carbons, with respect to the neutral coordinating oxygen, of THF. Figure 102 presents the 
results of this new EXAFS molecular fit for the Ti3O2-bb highly active catalyst with both the two 
6-coordinate and one 5-coordinate model as well as the one 6-coordinate and two 5-coordinate 




 Figure 101: Comparison of EXAFS results for two models of the high activity Ti3O2-bb 
catalyst with FEFF fit. (top) two 6-coordinate and one 5-coordinate titanium centers and 




Figure 102: Comparison of EXAFS results for two models of the high activity Ti3O2-bb catalyst 
with carbon contribution from the neutral THF ligand. All bond lengths in angstroms. 
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reduced χ2 value ((665) Table 15, (556) located in appendix), as compared to the EXAFS model 
with no carbon contribution from the THF ligand. However, even with these new modified 
molecular fits, our main conclusions remain the same that the two 6- and one 5-coordinate model 
fits the data significantly better than the one 6- and two 5-coordinate model. 
The structural model for the low activity catalyst was simpler than high activity catalysts 
as all titanium centers are 5-coordinate, per XANES and 13C data. However, the identity of the 
second coordination sphere atoms is not simple to interpret. The initial model for these catalysts 
began with assigning the first couple shells to the oxygen atoms. These catalysts have 5 oxygen 
atoms directly coordinated to titanium in its first coordination sphere. The first three scattering 
shells around the titanium centers contain these oxygen atoms with bond lengths of 1.78, 2.27, 
and 2.35Å. The next closest neighbors are present in the second coordination sphere around 
titanium (e.g. titanium, silicon, and carbon atoms (if present)) and make up the remainder of the 
shells. This first model was developed without any contribution from carbon atoms and can be 
seen in Figure 103 (right). From a visual inspection of the fit, one can see that there is some 
disagreement between the data and the model in the small features in the 2 – 3 Å region. 
 
 
Table 15: EXAFS modeling parameters and results which includes the carbon contribution from 
the neutral ligand coordinated to the Ti3O2-bb highly active catalyst containing two 6-coordinate 





Figure 103: R space plot of Ti3O3-bb low-activity catalysts with FEFF fit. (left) EXAFS 
structural model including carbon contribution, and (right) EXAFS structural model excluding 
carbon contribution. All bond lengths in angstroms. 
 
 
Therefore, an assumption was made that the identity of one of the oxygen atoms was mis-
assigned, specifically the one with the uncharacteristically long bond length of 2.35Å. The next 
model, Figure 103 (left) replaced the oxygen atom with a carbon atom (from the bridging 
carboxylates) and the 5 first coordination sphere oxygen atoms were reassigned into two shells 
around titanium centers. The remaining shells were unchanged, and this model resulted in a 
better fit of the EXAFS data with a slight improvement in values of all parameters involved in 
the modeling fit. The answer to the question of where was the poorly modeled oxygen was that it 
was not an oxygen at all. It was, in fact, a carbon atom as the better fit shows. Investigations into 
the species responsible for this carbon contribution (i.e. bridging carboxylate or THF) were 
unsuccessful. Attempts to fit low-activity catalysts with this EXAFS model are summarized in 
the appendix. None of these fits were as good as the models for the high activity catalyst and 
therefore we are not confident in saying we modeled a Ti3O2 core. 
As mentioned above, the low-activity catalysts are a result of changes in the synthetic 
approach of the high-activity Ti3O2-bb catalysts. These synthetic modifications cause structural 
changes to the Ti3O2-core which are supported by gravimetric analysis, IR, DRUV and XAS 
data. These changes could include fragmentation of the Ti3O2-core during synthesis to a titanium 
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dimer and mononuclear titanium species which renders our initial FEFF model an invalid 
description of the catalyst ensemble for EXAFS molecular modeling. It is difficult to say at this 
time exactly what these structural changes are. Therefore, our inability to produce a structural 
model is consistent with our view that there have been significant changes in the Ti3O2-core 
during synthesis. 
The EXAFS analysis of all Ti3O2 catalysts presented in this work reflect two types of 
active sites: 1) high-activity Ti3O2-bb catalysts have one type of site which is supported by the 
extraordinarily good EXAFS molecular fit for such a complex molecule, and 2) the low-activity 
catalysts most probably contain a mixture of sites due to the inability to develop a model for an 
EXAFS molecular fit. The existence of a Ti3O2-core active site with Ti – O – Si linkages holding 
the catalytic ensemble in the silica matrix reinforces our view the Ti3O2 core remains intact and 
is critical for the family of single-site titanosilicate catalysts synthesized using the building block 
synthetic approach. 
4.3.10 Nitrogen Absorption/Desorption (BET, DFT) 
Sample Preparation and Data Collection 
 The MicromeriticsTM ASAP 2020 Chemi surface analyzer was used to measure the 
surface area of all catalysts, MCM-41 and DavisilTM species described in this work. To validate 
the BET protocol, physisorption experiments were performed on DavisilTM (grade 643, 200-425 
mesh) and the surface area (SA) and total pore volume determined to be 273 m2/g and 1.12 cm3/g 
respectively, which are consistent with the data provided by the manufacturer, SA ~300 m2/g and 
total pore volume of 1.15 cm3/g.  When assessing the average pore width of DavisilTM with BJH 
theory, the value obtained was 15 nm while the DFT average pore size was determined to 16 nm 
(assuming cylindrical pores).  These values are consistent with the manufacturer’s average pore 
size of 15 nm. 
Data Analysis 
We begin by asking ourselves a question; what surface area do we expect from our 
trinuclear catalysts in this work and why?  The Barnes group has previously synthesized 
atomically dispersed materials using the building block approach and the method of sequential 
additions. These materials have surface areas ranging from 300 – 600 m2/g depending on the 
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ratio of inert cross-linker to tin-cube building block.[55, 117] By adjusting the ratio of tin-cube 
building block to inert linker, Barnes and co-workers were able to tailor the surface area of these 
materials.  In the synthesis of the polynuclear catalysts, trinuclear-cube oligomers are initially 
formed and we expect the building blocks will increase the porosity as the matrix grows larger 
and larger. However, it is likely that these pores are not uniform and have a broad pore size 
distribution.  
Following the protocol described above, nitrogen adsorption/desorption experiments are 
performed to measure the surface area for all catalysts, MCM-41 and DavisilTM species described 
in this work. The results are summarized in Table 16. The surface area and DFT pore size for 
MCM-41 and Davisil are calculated to be 1044.2 and 279.9 m2/g respectively, while the DFT 
pore sizes are 4.0 nm for the former and 14.0 nm for the latter. These values are consistent with 
manufacturer provided values, as described in Chapter 3. The species containing Ti3O2 cluster 
grafted onto the surface (Ti3-MCM41 and Ti3-Davisil) exhibit type IV (a) isotherms which are 
typical for mesoporous solids. Figure 104 shows the nitrogen absorption/desorption isotherm 
obtained for the Ti3-Davisil material synthesized here. The isotherm contains a hysteresis loop 
similar to the H1 and H2(a) type loops as compared to the titanium free Davisil isotherm (Figure 
38) consisting of the type H1 loop. These hysteresis loops are frequently seen in materials that 
have cylindrical or ink-bottle type pores. The BET surface area (SA), DFT pore size (PSD), and 
total pore volume (TPV) for these Ti3O2 grafted materials are comparable to the results of the 
 
 
Table 16: Results of nitrogen absorption/desorption experiments of materials synthesized in this 




starting silica materials. When these results are included with gravimetric and ICP results of 
these Ti3O2 grafted materials, a strong case can be made that the titanium precursor was 
successfully grafted onto the surface of the MCM-41 and Davisil silica supports. 
The SA, PSD, and TPV values for the Ti3O2-bb catalysts synthesized in this work are 
shown in Table 16. It is evident from the results that the highly active catalysts have higher SA, 
PS, and TPV values than the catalysts with average activity. The results of the highly active 
catalysts indicate that the materials are mesoporous with high surface area (~250 m2g-1), a pore 
size of ~2.5 nm, and a TPV of ~0.18 cm3g-1. Figure 105 shows the typical isotherm of an 
absorption/desorption experiment using a Ti3O2-bb catalyst. The isotherm is classified as a type II 
with a H4 hysteresis loop. The isotherm has a knee at low p/p0 indicating the completion of the 
monolayer coverage with a hysteresis loop that has characteristics of both H2(a) and H4 loop types 
with the shape of the hysteresis loop suggesting narrow slit-like pores. Ideally, measurement of 
desorption values to very low pressures would be required to close the hysteresis loop, which was 
not experimentally practical. Therefore, a conclusion can be made that this low-pressure hysteresis 





Figure 104: Nitrogen adsorption/desorption isotherm of Ti3-Davisil. Red crosses represent 




Figure 105: A typical nitrogen adsorption/desorption isotherm of Ti3O2-bb catalysts. Red 
crosses represent adsorption branch and maroon circle represent desorption branch. 
 
 
4.4 Summary: The identity of the active site of Trinuclear Titanium Single-site 
Heterogeneous Catalysts 
 A polynuclear, site isolated, titanium single-site heterogeneous catalyst has been 
successfully synthesized and characterized. The trinuclear [Ti3Cl3(μ3-O)(μ2-O)(μ2-tolyl)5] 
molecular precursor is used as the source of a “Ti3O2” catalyst active site which is embedded into 
a SiO2 matrix developed from the tin-cube, Si8O12(OSnMe3)8, as the building block in the 
method of sequential additions synthetic methodology.  
 The gravimetric analysis data determined the stoichiometric ratios of product and 
byproducts formed during the synthesis which establish the connectivity between the active 
linking agent and the host matrix. We recognize two different catalysts (high and low activity) 
produced in the sequential addition’s strategy. At this point, we see the following differences 
between the two: 
 IR: The presence of the 482 cm-1 band in low activity catalysts 
 DRUV: The absence of the 366 nm band in low activity catalysts 
XAS: XANES and EXAFS models clearly identify structural differences between the 
high and low activity Ti3O2-bb catalysts 
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The proposed structure of the titanium active site with high and low activities is illustrated in 
Figure 106. Materials synthesized in this work are characterized by ICP, IR, DRUV, XAS, and 
surface analysis. 
At the beginning of this chapter, some initial fundamental questions were posed and are 
addressed here: 
Does the nuclearity of the titanium active site pose any issues in the synthetic approach? 
The synthesis of titanosilicates using the building block approach and method of 
sequential additions methodology has predominately used mononuclear titanium precursors with 
chloride functional groups for the linking reactions. The move to a polynuclear titanium 
precursor did require some modification of the synthetic protocol and new linking reactions were 
observed. However, this new protocol successfully yielded a titanium catalytic ensemble 
embedded in the building block support matrix similar to the 4C-Ti catalyst described in Chapter 
one. A major difference is completely new linking reactions which became operative for the 
Ti3O2-core. The connectivity of mononuclear titanium sites is defined by the expected linking 
reaction, i.e. replacing a chloride ligand (Ti – Cl) with a Ti – O – Si linkage, as well as a new 




Figure 106: Illustration of the proposed structure of the titanium active site in Ti3O2-bb (left) 
low activity and (right) high activity catalysts. 
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loss of toluic acid in the form of Me3Sn esters established additional Ti – O – Si links. The 4C-Ti 
catalyst has a connectivity of four while the Ti3O2-bb has an overall connectivity of six. 
What role do the carboxylate ligands play? Is their reactivity greater than Me3SnCl? 
In the first crosslinking reaction, initially the chlorides react and then the carboxylate 
ligands whose reactivity in the presence of the tin-cube is lower than chlorides, as determined by 
the Ti3O2-POSS synthesis. Furthermore, ortho-SnMe3 groups must be present on the Si8 building 
block for the SnMe3 ester product to be observed. However, whether due to sterics or electronics, 
typically 3 of the 5 tolyl groups are removed from the catalytic ensemble. Gravimetric analysis, 
DRUV, and EXAFS supports this claim indicating that the highly active catalytic ensemble 
contains ~2 tolyl groups.  
What is the integrity of the oxo bridges between titanium centers? 
With the data in hand we believe the bridging oxo ligands between the titanium atoms 
remain intact throughout the synthesis. The Ti3O2 core is identified in DRUV and EXAFS. The 
presence of anatase-like phases titania domains (TiO2, ~360 nm) is evident in the DRUV 
spectrum of the highly active Ti3O2-bb while the Ti3O2-POSS material only shows higher 
coordination titanium centers (hexa- or penta-, ~300nm). The presence of these lower energy 
bands indicates the trinuclear core has remained intact, conversely, the loss of these bands 
strongly suggests the trinuclear core has fragmented. EXAFS supports the existence of the 
bridging oxo’s by comparing the Ti --- Ti separations in the Ti3O2-bb and Ti3O2-POSS materials 
to the EXAFS models of the data of Ti3O2 cluster. 
All of the catalysts synthesized in this work have high surface areas of 180 – 250 m2g-1 
with pore sizes of 2.0 to 2.5 nm. The absorption/desorption isotherm indicates the materials have 
slit-like pores that most probably are a result of the non-rigid porous network swelling and 
elongating the O-Si-O-Si-O edges of the cube. 
Gravimetric analysis data and ICP both confirm that as the ratio of titanium to tin cube 
increases (Ti3O2 : tin cube), the titanium wt. % decreases which would indicate fewer catalytic 
sites dispersed through the building block matrix. The dispersion of the active site within the 
matrix creates the site isolation that single-site heterogeneous catalysts require. 
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While the structural questions posed above have been discussed, an additional question 
that arose during the synthesis of Ti3O2-bb catalysts is: 
 What are all the roles of the trimethyltin cation and how it might lead to the formation of 
tetramethyltin byproducts? 
The characterization of the titanium active sites formed from the method of sequential 
additions strategy became more difficult with the unexpected formation of tetramethyltin in 
addition to the expected byproduct of the metathesis reaction, trimethyltin chloride.  The quantity 
of trimethyltin cation (TMT) in the material is measured by gravimetric analysis and confirmed 
by ICP. Tetramethyltin is formed predominantly in the solid state during the sublimation step of 
the catalyst synthesis. Unfortunately, none of the above characterization techniques offered 
insight into its formation. Previous work strongly suggests the trimethyltin cation is obviously 
involved and will be discussed further. 
The pathway leading to the formation of tetramethyltin has not been unambiguously 
defined at this time. Previously, Dr. Abbott showed that the reaction of aluminum precursors 
with POSS building blocks produced no tetramethyltin.[118] He hypothesized that this could be 
due to sterics or the electronic differences between the tin-cube and Ph-POSS. The phenyl 
groups on POSS are bulkier than the trimethyltin groups and the Ph-SiO3 silicon corners have 
more electron density compared to the Me3Sn-O-SiO3 corners of tin-cube. Crosslinking reactions 
performed in this work support Dr. Abbott’s findings that no tetramethyltin forms during the 
synthesis of Ti3O2-POSS. 
In an attempt to determine the formation of tetramethyl tin, Dr. Abbott reacted 
trimethyltin triflate [Me3Sn][SO3CF3] and tin cube in a 1.5 : 1 ratio respectively. His hypothesis 
was that if the formation of tetramethyltin occurred, a methyl group must have been abstracted 
from a Me3Sn-O-SiO3 corner of a cube which leaves a -O-SnMe2+ cationic group. Results of this 
experiment clearly showed formation of tetramethyltin.  The fate and ultimate identity of the 
OSnMe2+ group left on the Si8-cube were not elucidated. 
After the removal of trimethyltin chloride and tetramethyl tin during the initial drying 
stage of the synthesis, there must be some species in the matrix that was formerly a trimethyltin 
cation but had a methyl group extracted in some manner. One hypothesis in these reactions 
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involves a  –OSnMe2+ group in close proximity to the Lewis acidic titanium center. An 
additional possibility would involve an additional trimethyltin on an adjacent cube, abstracting a 
methyl group and forming a dimethylstannate ( ≡Si-O-SnMe2-O-Si≡) bridge, as illustrated in 
Figure 107. The spectroscopic characteristics of this new group are very similar to trimethyltin 
groups making its conclusive identification difficult.  
Finally, it is evident that the formation of tetramethyltin predominately occurs during the 
solid-state sublimation step of the synthesis leading to the conclusion that the appearance of 
TMT-ester and tetramethyltin are correlated. As mentioned above, a reasonable hypothesis is that 
after the initial reaction period the tolyl carboxylate groups are non-chelating and a nearby 
electropositive trimethyltin group, ortho to the Si-O-Ti link formed in the first step, can expand 
its coordination to form the p-Me-PhCO2– SnMe3– O-Si- linkage followed by the elimination of 
p-Me-PhCO2SnMe3 and the formation of a new Ti-O-Si covalent link. A reasonable reaction 
pathway for the formation of tetramethyltin is now plausible. The resulting structure after TMT-
ester elimination reflects an open coordination position at a titanium center allowing the Lewis 
acidic titanium to catalyze the formation of tetramethyltin (from two extended tin groups) and 




Figure 107: Illustration of the hypothetical route to tetramethyltin formation. Blue shaded 







Chapter 5: Catalytic properties in Selective Oxidation of Olefins 
5.1 Introduction 
 The last two decades have seen a rise in the number of reports of porous titanosilicates 
for the selective oxidation of organic substrates.[119-120] As mentioned in Chapter 2, TS-1 and 
other microporous titanosilicates perform well for the oxidation of small linear molecules using 
hydrogen peroxide as the oxygen source. At the same time, mesoporous titanosilicates, such as 
Ti-MCM-41, are capable of catalyzing the oxidation of bulky substrates which are unable to 
penetrate the pores of their microporous counterparts.[56] Another advantage of mesoporous 
titanosilicates is their ability to use bulky hydroperoxides as oxidants. It has been shown 
previously that while oxidation with H2O2 proceeds at a higher rate, using alkyl-hydroperoxides 
(e.g. tert-butyl hydroperoxide (TBHP) and cumene hydroperoxide (CHP)) as the oxygen source 
in epoxidation reactions provides a higher selectivity to the epoxidation product.[121] Finally, 
literature reports that some titanosilicates suffer from leaching of the titanium active site from the 
silica matrix as well as a collapse of the pore structure when using aqueous H2O2 as the oxidant. 
A brief overview of the properties of titanosilicates as selective oxidation catalysts is presented 
in the following sections. 
Chen et al.[121] reported that when using the Ti-MCM-41 catalyst and aqueous H2O2 as 
the oxidant, the catalytic activity irreversibly diminished after the first catalytic cycle. When 
using TBHP as the oxidant in non-aqueous solvents, prolonged catalytic activity was possible 
after regeneration of the catalyst without any major loss of catalytic activity. Chen also suggested 
that polar molecules are responsible for the leaching of titanium from the silica matrix, as seen in 
Figure 108. The polar ligands, L, change the tetrahedral Ti4+ active sites to an octahedral 
coordination. If the interactions with the polar ligand are sufficiently strong, the Ti-O-Si linkages 
may break and possibly lead to leaching of the titanium active site.[122] The use of a polar 
solvent in conjunction with H2O2 did reduce leaching but at a cost; lower turn-over frequencies 
(TOF’s). However, when using TBHP as the oxidant, Chen suggests that the tetrahedral 
coordination geometry of the titanium sites is preserved, and no octahedral form of titanium sites 
is present when TBHP forms the active Ti-peroxide species. In his opinion, when using Ti-
MCM-41 and TBHP, a true heterogeneous reaction occurs due to a steric effect and absence of 
polar molecules which ultimately leads to high selectivity and no leaching of the active site from 




Figure 108: Possible mechanism for the coordination of polar molecules to tetrahedral Ti4+ sites. 
 
 
An additional problematic issue of titanosilicates with respect to selective oxidation 
reactions is peroxide efficiency. These catalysts frequently contribute to the decomposition of 
peroxide parallel to using it in selective oxidation reactions. Many titanosilicates suffer from 
peroxide decomposition when large excesses are present. In attempt to minimize peroxide 
decomposition, literature suggests that catalytic test reactions be performed with peroxides as a 
limiting reagent or a dropwise addition of the oxidant into the reaction mixture. 
Investigations into a relationship between structural and catalytic properties of 
mesoporous titanosilicates are currently ongoing. Extensive literature is available regarding the 
active site in Ti4+/SiO2 materials. The general consensus is that the majority of selective 
oxidation catalysts exhibiting good activity and selectivity contain isolated, 4-coordinate Ti4+ 
centers on a silica support. It is also thought that the site isolation (degree of dispersion) of the 
titanium active sites and the accessibility of substrate to the reach the active site (pore site 
distribution) are key properties in the behavior of titanosilicates as effective epoxidation 
catalysts. When referring to the former, synthetic methods and calcination techniques can cause 
aggregation of the metal active sites rendering some sites inactive. However, synthetic 
procedures that avoid calcination steps may prevent these sites from aggregating. This leads to 
the second point; catalytic reactions can only occur at catalytically accessible active sites. During 
catalysis, there may be inaccessible or inactive catalytic sites within the material that are unused 
during the catalytic reaction. These unused sites reduce measures of the apparent activity. 
Therefore, the preparation method and choice of titanium precursor and silica source all 
contribute to the catalytic properties of the metal active sites. The SSHC’s synthesized in this 




 100% of the titanium atoms in the precursor are integrated into the silica matrix 
 All titanium sites are identical in their nuclearity and connectivity to the support, thus 
satisfying the single-site postulate  
 All sites are isolated from each other and no calcination-activation step is required thus 
avoiding potential aggregation 
 The silicate matrix supporting these titanium active sites is made up of a mesoporous 
structure that should allow bulky reactants to reach all accessible active sites. 
When comparing the SSHC’s developed in this work to previous mononuclear SSHC’s 
synthesized by the Barnes group, the change in connectivity and nuclearity with the modified 
synthetic strategy might yield a structure-function relationship. Brutchey et al.[123] explored a 
possible structure-function relationship by investigating how the structure of the titanium 
precursor, dimeric versus monomeric, can affect the catalytic properties of the final material. 
Brutchey used a dimeric Ti4+ complex as the precursor for the syntheses of two materials: 1) 
grafted onto SBA-15, and 2) thermolytic conversion to a bulk TiO2ꞏ3 SiO2 xerogel. The Ti4+ 
sites in the final TiO2ꞏ3 SiO2 xerogel were determined to be 4-coordinate titanium centers with 
some H2O coordination and/or TiO2 oligomerization, as confirmed by XPS, FT-IR, and DRUV. 
Characterization of the grafted material also suggested the presence of site-isolated, dititanium 




Figure 109: Illustration of the proposed structure of a dinuclear precursor grafted onto the 
surface of SBA-15. Figure from ref[123]. 
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Previous studies had shown that the catalytic activity of amorphous titanosilicates is 
directly related to the dispersion of the titanium sites in the material[124]. However, Brutchey et 
al. was able to compare their results with Sensarma et al.[120] and others[66] and conclude that 
the catalytically active sites are Ti-O-Ti dimers, and as long as octahedral TiO2 domains are not 
formed. Therefore, the dispersion of the active sites may not be as critical as previously reported. 
The Sensarma group proposed a catalytic cycle for olefin epoxidation using their grafted 
dinuclear titanium catalyst, as shown in Figure 110. The catalytic activities of the dinuclear 
titanium materials synthesized by Brutchey and Sensarma for the conversion of cyclohexene to 
the epoxide were comparable to results of previous high activity mononuclear titanium catalysts. 
The Ti4+ grafted catalysts were most active where cumene peroxide was used as the oxidant. The 
results from their work suggest avoiding the formation of TiO2 domains and site-isolation of the 
Ti4+ active sites is critical in the development of a high activity epoxidation catalyst. Their 
catalysis results also suggest that using a dinuclear Ti4+ active site did not inhibit activity or 
selectivity.  
5.2 Catalytic Test Reactions 
Measuring catalysis activity is frequently one of the first characterization techniques 
performed post-synthesis providing valuable information regarding a catalyst performance. 
Measuring catalytic activity, selectivity, and longevity are all important properties of new 




Figure 110: Catalytic cycle of dimeric active site for olefin epoxidation. Figure from ref[120]. 
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face in heterogeneous catalysis. Their homogeneous counterparts achieve high performance 
levels but suffer from the costly, and time consuming, separation techniques.  Catalytic test 
reactions evaluate the effectiveness of a catalyst and provide three important types of 
information: activity, selectivity, and stability.  
Several variables present in the catalytic test reactions performed in this work have been 
investigated to determine optimal reaction conditions. One variable involves choice of reaction 
solvent and concentration. Polar solvents, such as acetonitrile, work well for aromatic 
hydroxylation reactions.[9] However, when using polar solvents for the epoxidation of 
cyclohexene, the catalysts synthesized in this work were inactive and no product formation was 
observed during the test reactions. Previous titanosilicate catalysts have successfully used the 
non-polar solvent decane in oxidation reactions of cyclohexene with bulky organic peroxides 
(i.e. tertbutyl hydroperoxide (TBHP) and cumene hydroperoxide (CHP)). Therefore, decane was 
chosen for the catalytic test reaction solvent. 
5.2.1 Epoxidation of Cyclohexene to Cyclohexene Oxide 
The single-site heterogeneous catalysts synthesized in this work were investigated for the 
catalytic selective oxidation of cyclohexene to cyclohexene oxide with cumene hydroperoxide as 
the oxidant source (Figure 111). The protocol followed for the catalytic reaction, aliquot 
acquisition, and characterization will be briefly discussed in the next few pages. 
Literature reports that the epoxidation of cyclohexene, in the presence of hydroperoxide, 
occurs via two pathways: heterolytic or homolytic mechanisms during oxygen transfer reactions. 
The heterolytic mechanism, left pathway of Figure 112, produces the targeted product 
(cyclohexene oxide) which can subsequently react with water to form the cyclohexene diol 
through the ring-opening of the epoxide. The homolytic mechanism, right pathway of Figure 









Figure 112: Reaction scheme showing heterolytic and homolytic mechanisms for the 
epoxidation of cyclohexene. Specific trans/cis stereochemistry of the alcohol functional groups 
on cyclohexane diol has been omitted. 
 
 
form cyclohexene oxide and 2-cyclohexene-1-ol. In both mechanisms, further reactions with the 
oxide in the presence of water can form the diol. 
The heterolytic oxidation of cyclohexene to cyclohexene oxide has been thoroughly 
investigated in literature and one such proposed mechanism is illustrated in Figure 113.[6, 125] 
This proposed mechanism begins with tetrahedral Ti4+ active sites expanding its coordination 
sphere to a 6-coordinate geometry with the complexation of alkyl peroxide to the titanium active 
site. This complexation occurs due to titanium’s ability to accept electron pairs into its empty d 
orbitals forming a transient titanium-peroxide intermediate complex. The formation of this 
intermediate activates the peroxide allowing the electrophilic terminal peroxide oxygen to 
undergo a nucleophilic attack by the carbon-carbon double bond of the olefin leading to an atom 
transfer to the olefin forming the oxide product.[6] This proposed heterolytic reaction does not 
complex the olefin at any point to the titanium active sites. 
Kinetic experiments were performed to determine reaction order, initial rates of reaction, 
and rate constants. The typical protocol for catalytic test reactions performed in this work 
(described next) has the olefin, cyclohexene, as the limiting reagent. The reaction equation 




Figure 113: Illustration of a proposed oxidation mechanism using a 4-connected titanium active 












alcohol giving rise to the assumed rate law for these reactions as follows: 
mOlefin+ nROOH → xOxide + yAlcohol 
Rate = k[Olefin]m [ROOH]n = k[Olefin][ROOH] 
Based on these observations, the reaction is a 1st order reaction with respect to the olefin and 
peroxide with an overall 2nd order rate law. The rate constant, k, is a proportionality constant that 
relates the molar concentrations of reactants and the rates of reactions. The rate constant has 
units of M-1-s-1 and can be obtained two ways. First, by rearranging the above equation as 
follows: 
k = rate / ([Olefin][ROOH]) 
The second method to obtain the effective rate constant, k, can be determined experimentally, 
when one reagent is used in excess, from the slope of the linear drop of ln[Olefin] vs. time or 
ln[ROOH] vs. time. 
Alternately, considering these reactions are one to one with respect to the reactants, the 
rate law can be expressed by the appearance of products: 
Rate = k[Oxide]x [Alcohol]y = k[Oxide][Alcohol] 
This method of determining rates is only applicable when reactions have a high selectivity 
towards the targeted product, oxide. Due to the high selectivity of the single-site catalysts 
presented here, all rates presented in this chapter follow the second method and are based on the 
appearance of cyclohexene oxide product. 
 Following this same methodology, all TON’s and TOF’s will be reported as: 
𝑇𝑂𝑁     
  
   
𝑇𝑂𝐹  
  
     
Based on these equations and the high activity of the single-site catalysts synthesized in this 
work, the TON and TOF values (with respect to oxide formation) reported in this thesis are 
calculated during the first 2 and 5 minutes of the reaction. 
The initial rates of reaction for all catalytic test reactions were obtained by calculating the 
change in concentration of oxide produced divided by the change in time, as seen in the 
following equation. 






5.2.2 Catalytic Test Reaction Preparation and Characterization of Reaction Aliquots 
Reaction Preparation and Aliquot Acquisition 
A tared 9 dram (~33 mL) vial with a screw-on septa cap was loaded with ~70 mg of 
catalyst inside a nitrogen atmosphere glovebox. The vial was capped and accurately weighed 
outside the glovebox to obtain the exact mass of the catalyst. The total amount of titanium in the 
weighed sample was used to determine the amounts of solvent, substrate, and oxygen source in 
each reaction so that the Ti : cyclohexene : peroxide ratios were preserved in all runs (except in 
turn-over investigations, vide infra). Furthermore, the concentrations of cyclohexene and 
peroxide were kept the same in these runs. The catalytic protocol for most epoxidation reactions 
required a 1 : 75 : 750 molar ratio of Ti3 site : cyclohexene : cumene hydroperoxide, respectively 
in each catalytic run. Using a syringe, a calculated amount of decane (typically 3-4 mL) is added 
through the septa cap to produce a 2 μM equivalent titanium solution. The addition of decane 
“protects” the solid, air-sensitive catalyst which allows the septa cap to be removed to take 
aliquots through the rest of the experiment. Next, a calculated volume of cyclohexene is added 
using a WheatonTM Socorex AcuraTM 835 Pipet, followed by 261 μL of mesitylene which is used 
as an internal standard. Finally, a 10 mm magnetic stir bar is added, the vial is capped and placed 
in a 60 ℃ oil bath with a spin rate of 500 rpm. Figure 114 shows a typical catalytic test reaction 
setup with major components labeled. To a separate vial is added a slight excess over the 
calculated volume of cumene hydroperoxide, capped and placed in the same 60℃ oil bath. The 
vials were equilibrated to reaction temperature for 20 minutes. After the equilibration period, the 
first aliquot (50 μL aliquot added to an NMR tube with 700 μL of deuterated solvent) was taken 
from the reaction vial for a T=0 snapshot of the reaction vial contents. Then, the calculated 
volume of cumene peroxide to provide 250 mole equivalence based on titanium was taken from 
the second vial and added to the reaction vial to initiate the catalytic reaction. The reaction 
proceeded for 90 minutes with 6 additional aliquots taken at 2, 5, 10, 30, 60, and 90 minutes. 
Immediately after the acquisition of each aliquot, the NMR tubes were placed in a Dewar 
containing a dry ice/isopropanol slurry to prevent any further reactions before NMR analysis.  
Characterization of Reaction Aliquots 
Evaluation of catalytic reactions was performed with a Varian VNMRS 500 MHz 












(1H) NMR with the settings: 25 ℃, 16 scans with a 10 second delay between scans, and a 45º 
pulse. The resulting spectra were analyzed using the MestraNova V12.0 NMR program and the 
following protocol: 
 Spectral window 0 – 10 ppm 
 Assign reference peak - CDCl3 7.260 ppm 
 Baseline correction (Whittaker smoother) 
 Auto phase spectra 
o Fine tune with manual phase corrections 
 Line broadening 0.5 Hz 
 Internal standard peak set – Mesitylene at 6.812 ppm and set to integration of 3 
 Integrate regions, per Table 17, to internal standard 
 Generate plots for kinetic data analysis 
5.2.3 Data Analysis 
Concentration vs. Time 
Figure 115 shows a typical 1HNMR spectrum of a reaction aliquot. The data collected 
from these spectra are used to generate plots showing molar ratios of species with respect to 
initial moles of substrate at each time point during a catalytic reaction, Figure 116. For example, 
with respect to the species cyclohexene at time (t)=0, the molar ratio = moles of cyclohexenet / 
moles of cyclohexeneint = 1. 
The NMR integrations of each of the signals corresponding to reactants and products 
(Table 17) are used to determine the moles and concentrations of reactants and products 
following Equation 28, 
𝐶       Equation 28 
where C is concentration, I is integration value, and H is the number of protons. In this equation, 
y represents the internal standard (mesitylene) and x represents either the substrate or product. 
Applying the above equation to integrations from both the substrate and the products, the plot in 
Figure 116  is obtained, with the substrate amount in blue, the product in orange, and the grey 
trace represents the sum of substrate and product all with respect to time (minutes) of aliquots. 
The data from these calculations are used to obtain information about the catalysts presented in 




Figure 115: Example of a NMR spectrum obtained from an aliquot collected during an 





Figure 116: Example of kinetics plot generated from 1HNMR data collected from the 
epoxidation reaction of cyclohexene to cyclohexene oxide. 
 
 
All catalytic reactions were performed with the same concentration of reactants and 
number of titanium sites, except where noted otherwise. To determine the optimal [catalyst] and 
[substrate] in catalytic test reactions, experiments were performed using the above epoxidation 
protocol varying the amount of solvent (decane) used, as summarized in Table 18. As expected, 
with a decrease in concentration of substrate in the total reaction solution, the catalytic test 
reactions show a decrease in TOF’s, % conversion (at 30 min), and initial rates while the 
selectivity remains relatively the same. Therefore, based on these results, all catalytic test 
reactions performed in this work contain ~3 mL of decane to establish a 2 μM equivalent 
concentration of the titanium containing solution. 
T½ Quantitative Factor 
An inherent feature of this catalysis protocol is the observed rates of reaction described 
below are all comparable with the intrinsic rate for a particular catalyst sample being the only 
parameter changing. Herein, catalytic activity will be described in terms of an empirical factor, 
T½, defined as the time required for half of the substrate to be consumed and transformed into to 
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the product (all samples begin with same substrate concentration and produce primarily one 
product). Examples of this T½ variable are seen in Figure 117 with catalytic test runs resulting 
in a T½ of 3, 40, and >90 minutes.  
In addition to reporting T½ factors, we will also present values of apparent TON’s and 
TOF’s. In terms of TON, the three titanium atoms present in an active site will be counted as a 
single unit. We hypothesize that these three titanium atoms could act in concert in the 
epoxidation reaction. The TON provides information about the longevity and robustness of a 
catalyst under catalytic conditions. There are many reported cases of catalysts with very high 
initial activity which deactivate quickly and lose activity after relatively few turnovers. We 
present evidence here that we have (as compared to other titanosilicates) a very selective and 
long-lived catalyst capable of repeated catalytic cycles while maintaining high activity and 
selectivity towards formation of the desired epoxide product. 
In an attempt to compare results presented in this work with what is known in literature, 
the catalytic test reaction protocol (described above) was implemented on two well-known 
titanosilicates, TS-1 and Ti-MCM-41. 
 
 
Table 17: Proton integration regions and assignments (in CDCl3) for the selective oxidation of 




Table 18: Tables of catalysis results derived from changing concentration of reaction mixture for 
the epoxidation of cyclohexene (at 60 ℃) using Ti3O2-bb catalyst. All TOF values are min-1 for 





The analysis of the data obtained from the catalytic test reactions in this work are 
compared to literature when available. However, difficulties arise when comparing results 
obtained here with what is known in literature as there exists a plethora of catalysis conditions 
(i.e. solvent, temperature, reaction time, and titanium to substrate to oxidant ratios, etc.) and 
reactants employed for catalytic test reactions. Ideally, optimal comparison conditions would 
also include reactions that utilize the same substrate and oxidants. There is some flexibility when 
choosing a solvent, except in the case of protic solvents. It has been mentioned several times in 
this thesis that water and alcohols have a tendency to negatively affect catalysis when using 
heterogeneous catalysts. Finally, reaction temperatures, duration, and the Ti : substrate : oxidant 
ratios need to be easily identifiable in publications so the reader can make informed decisions 
pertaining to the differences between catalysts, reaction conditions, and catalytic test reaction 
results. One example of this involves catalyst/substrate concentrations; when comparing kinetic 
data of two different catalytic reactions with the same catalyst : substrate ratio but varying the 









An additional variable in catalytic test reactions is the choice of oxidant. During the 
beginning stages of the catalytic test reactions involving the novel Ti3O2-based catalysts 
synthesized in this work, several oxidants were tested in the epoxidation of cyclohexene. 
Epoxidation reactions using aqueous H2O2 as the oxidant were unsuccessful in the conversion of 
cyclohexene to cyclohexene oxide. However, as previously mentioned, mesoporous titanosilicate 
catalytic reactions perform well with bulky organic peroxides in the epoxidation of cyclohexene. 
Tertbutyl hydroperoxide and cumene hydroperoxide were investigated as the oxidants for test 
reactions in this work. While the results of catalytic test reactions using TBHP were moderate, 
using CHP as the oxidant resulted in T½ values that were half those observed for TBHP. This 
difference in conversion may be attributed to oxidant strength. TBHP has a stronger O-O bond as 
compared to CHP which results in a slower oxygen transfer during catalysis. [125] Therefore, 
CHP was selected as the oxidant in all catalytic test reactions investigated in this work. 
5.3 Results and Discussion of Catalytic Activity of Ti3O2-based Titanosilicate Catalysts 
The results from each catalytic test reaction for Ti3-based catalysts were categorized into 
two groups: high and low activity. The high activity catalysts were synthesized following the 
protocol described in section 4.2.4. The low activity results stemmed from modifications of the 
above protocol performed for several reasons: 
 Attempts to streamline synthetic protocol 
 Investigations of different stoichiometric ratios of reactants 
 Investigations into the formation of tetramethyltin 
An overview summary of the oxidation of cyclohexene with cumyl peroxide for all 
materials synthesized in this work and titanium free silicate controls, as well as some literature 
titanosilicate catalysts are shown in Table 19.  
A more detailed summary of the results for the Ti3O2-bb high activity catalysts in Table 
19, can be found in Table 20.  The synthetic approach outlined in Chapter 4 produces a highly 
active and selective single-site catalyst in the oxidation of cyclohexene to cyclohexene oxide. 
Additionally, catalysis results indicate no further reactions of the product to the typical 
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Table 19: Summary of catalysis results using our experimental catalysis protocol for the 
epoxidation of cyclohexene to cyclohexene oxide using literature catalysts, TS-1 and Ti-MCM-




byproducts are observed (i.e. cis/trans cyclohexene diol, cyclohexanol, Figure 116 and Figure 
117) in the presence of the catalyst, cumyl alcohol, and excess cumyl peroxide. 
The epoxidation results obtained from the literature catalysts, Ti-MCM-41 and TS-1 
(green region of Table 19), exhibit relatively low catalytic activity and selectivity. The low 
conversion of TS-1 has been attributed to the micropores present in the silica matrix that do not 
allow bulky substrates like cyclohexene to diffuse into the pores, reach the active site, form the 
product and diffuse back out of the pores.[59]  TS-1 does exhibit a slightly higher selectivity 
than the mesoporous MCM-41 grafted titanium catalysts possessing multiple active sites.  Turn-
over frequencies for Ti-MCM-41 are not in the table as these values are not known considering 
that this catalyst does not satisfy the single-site criterion making determination of the number of 
active sites impossible. 
The epoxidation activity exhibited by the Ti-free Platform (orange region of Table 19) 
indicates that the mesoporous silicate matrix alone, devoid of titanium, does not catalyze the 
oxidation of cyclohexene. The catalytic activity of Ti-free platform and the literature  
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Table 20: Catalytic properties of Ti3O2-bb (high activity) single-site titanosilicates synthesized 












titanosilicate catalysts clearly indicate that the titanium ions are the active species responsible for 
the conversion of cyclohexene to cyclohexene oxide. 
The catalytic activity results of the mesoporous Ti3O2-grafted catalysts synthesized in this 
work, Ti3O2-MCM-41 and Ti3O2-Davisil (white region of Table 19), are comparable to the 
microporous TS-1 but below that exhibited by the mononuclear Ti-MCM-41. This low activity 
can be attributed to fragmentation of the Ti3O2-core during its grafting on the surface of the silica 
support. This fragmentation of the Ti3O2 core, as confirmed by DRUV, can create multiple sites 
with overall less activity. The TOF’s of these catalysts were also excluded as they do no satisfy 
the single-site criterion. 
The Ti3O2-bb (high activity) mesoporous single-site catalyst (blue region Table 19) is 
extremely fast epoxidation catalyst and exhibits high activity and selectivity to the targeted 
product. The value reported in the table for this type of catalyst is an average of the 14 individual 
catalytic test reactions shown in Table 20. When compared to the SSHC TS-1, the catalytic 
activity is 42 times greater (based on % conversion at 30 min) with a selectivity 2.5 times greater 
towards the epoxide. The high selectivity to the targeted product that these Ti3O2-bb catalysts 
supports their description as single-site catalysts. 
The single-site properties of both these catalysts allows for the comparison of turn-over 
frequencies (TOF’s) and the empirical T½ factor to characterize their active sites. When 
comparing turn-over frequencies of our single-site catalysts to literature single-site catalysts, as 
long as all Ti4+ ions are counted as catalytically active sites, then the TOF values should be 
transferable and allow comparison. A problem arises when making a comparison with some 
literature catalysts as the reported titanium active sites may only be a fraction of the overall 
titanium content in the material. A comparison of the highly active catalysts synthesized in this 
work to other literature catalysts will be described below. 
The Ti3O2-bb (low activity) epoxidation results (blue rows of Table 19) were also 
included for comparison purposes. These values are individual examples of the ~40-50 catalytic 
test reactions performed in this work to describe the range of epoxidation results. When 
comparing the high activity Ti3O2 catalyst to the low activity catalyst (last two entries versus 
third from last in Table 19), the TOF’s differ by a factor of 3-10. It is evident that when 
changing stoichiometric ratios or reaction conditions in the synthetic protocol described in 
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section 4.3.3 (also seen in footnote of Table 19) not only do spectroscopic signatures of these 
materials reflect a change in the properties of the active site (i.e. IR, XANES, EXAFS, DRUV)  
but the catalytic activity for epoxidation of cyclohexene to its oxide experiences a significant 
decrease  as well as a slight decrease in selectivity. 
A comparison of previously reported results of mononuclear titanosilicate SSHC’s 
synthesized by the Barnes group with the single-site trinuclear catalysts presented here can be 
seen in Table 21. While all catalyts presented in this table were synthesized via the same 
building block approach and method of sequential additions, the trinuclear single-site catalysts 
are far superior to their mononuclear counterparts. This fact alone strongly suggests that the 
structure (nuclearity) of the catalytically active ensemble directly contributes to an increase in 
catalytic activity with little loss in selectivity further supporting a structure-function relationship. 
As described above, literature suggests that the high catalytic properties involving the 
epoxidation of cyclohexene with titanosilicates occurs at tetrahedral Ti4+ active sites. Former 
group member Dr. Elenchin explored altering the geometry of the titanium active site from 
tetrahedral to geometries other than tetrahedral.[117] Her conclusions indicated that regardless of 
the geometry around the Ti4+ active sites the catalytic activity and selectivity remained relatively 
the same.  
It is also worth noting that the mononuclear 3C catalyst has only 3 connections to the 
silica support with one free alkoxy ligand, whereas the 4C catalyst has the maximum 4-
connections to the support producing a fully embedded Ti4+ active site in the silica matrix. 
Literature suggests that the first step in the epoxidation reaction mechanism using embedded 
 
 
Table 21: Comparison of catalysis results in the epoxidation of cyclohexene with single-site 




mononuclear titanosilicates involves the coordination of peroxide to the active site followed by 
the high energy bond breaking of the Ti-O-Si linkage. [108]  This concept was applied to the 4C 
catalyst and an envisioned mechanism of an atomically dispersed, single atom titanium active 
site is illustrated in Figure 118. In contrast to the 4C catalyst, the presence of the terminal alkoxy 
ligand in the 3C catalyst can potentially lower the energy of the first step in the epoxidation 
reaction mechanism. When comparing the TOF’s between the 3C and 4C catalysts, it can be seen 
in Table 21 that the number of Ti-O-Si linkages plays a role in epoxidation reactions of these 
titanosilicates with the 3C catalyst having a slightly hgher TOF than the 4C catalyst. 
Figure 119 illustrates the two possible mechanisms involving the complexation of 
peroxide to the Ti3O2-based catalysts synthesized in this work. First, in contrast to the 
mononuclear titanosilicates, the trinuclear titanosilicate catalysts described in this work contain 
bridging carboxylates between titanium atoms in the catalytic ensemble. During catalysis, with 
peroxide present, these bridging carboxylate ligands can bond/unbond during catalytic test 
reactions potentially allowing for the low energy complexation of peroxide to the trinuclear 
titanium active site along with the proton transfer to the carboxylate ligand (Figure 119 A) The 
terminal oxygen on peroxide is more electrophilic than the carbonyl oxygen on the carboxylate 
which may result in the “popping” on and off of the bridging ligand. The energy barrier 
associated with this step is expected to be lower that the bond breaking of the Ti-O-Si linkage 
(required in the cases of the 3C-and 4C-Ti mononuclear analogues) resulting in an increase in 
catalytic activity and TOF’s. 
A second possible mechanism for the complexation of peroxide to Ti3O2-based catalysts 
involves the μ3-oxo bridge in the Ti3O2 core. Figure 119 B illustrates the complexation of 
peroxide to the titanium active site with the subsequent proton transfer to the μ3-oxo bridge. This 
proton transfer breaks the dative covalent interaction between the μ3-oxo bridge and titanium. 
Similar to the above mechanism, the μ3-oxo bridge can bond/unbond during catalysis providing 
the same low energy complexation of peroxide to the titanium active site. However, it should 
also be noted that the hydrogen from peroxide can shift to any of the oxo’s within the Ti3O2 core 





Figure 118: Illustration of a proposed peroxide complexation mechanism of a mononuclear 3- 
and 4-connected titanium active site. (top left) 3C-Ti-bb active site with free alkoxy ligand and 
(top right) after coordination of peroxide. (bottom left) 4C-Ti-bb embedded active site followed 












Figure 119: Illustration of the two possible peroxide complexation to the Ti3O2-based catalysts 






As mentioned above, modifying the synthetic approach of the Ti3O2-bb catalysts 
produced two types of catalysts, high and low activity. While their structural differences have 
already been described, rationalization of their catalytic differences is as follows: 
 The absence of bridging carboxylates can lead to coordination of peroxide to titanium 
involving the higher energy Ti-O-Si bond breaking step followed by a proton transfer 
forming the silanol group. Therefore, catalysts with carboxylate ligands yield higher 
activity due to the lower energy peroxide complexation mechanism and the 
carboxylates ability to deprotonate the coordinating peroxide. 
 The fragmentation of the Ti3O2-core can eliminate the oxo bridges leaving only the 
high-energy peroxide complexation pathway similar to above.  
 Varying the second dose linking agent in the sequential dose strategy can lead to mass 
transport issues.  If the silicate matrix is excessively crosslinked,  then the rates at 
which reactants and/or products may be limiting or substrate may be unable to access 
the active site. The second dose of the reaction was extensively studied to find the 
ideal ratio of reactants to produce the high-activity catalyst with no evident mass 
transport issues. 
5.3.1 Peroxide Efficiency and Rates 
The following is a comparison of varying the ratio of oxidant to substrate, and in some 
cases, increasing the substrate to Ti3 sites ratio. A typical catalytic test reaction uses a 10:1 
oxidant : substrate ratio with Table 22 showing the results of holding the substrate to Ti3 site 
ratio constant and only varying the oxidant ratio from 0.8 to 10 equivalences per substrate. The 
results show that all catalytic test reactions have high selectivity to the target product, while the 
% conversion to the product and TOF’s decrease with a decrease in peroxide concentration. The 
most valuable information from these experiments is that the initial rate for all catalytic test 
reactions containing at least a 1 : 1 ROOH to substrate ratio or higher have relatively the same 
values. This is consistent with initial reaction rates being dependent on the concentration of the 
substrate in the reaction solution reacting with the peroxide complex and not the complexation of 




Table 22: Tables of catalysis results derived from changing oxidant to substrate ratios for the 
epoxidation of cyclohexene (at 60 ℃) using Ti3O2-bb catalyst. All TOF values are min-1 for the 




Table 23 reflects the results of epoxidation reactions involving cyclohexene and 
changing the substrate to Ti3 site ratio as well as varying the substrate to peroxide ratio. To this 
point, we recognized that the Ti3-based catalysts synthesized in this work were highly active and 
selective in the epoxidation of cyclohexene and we wanted to test the turn-over number limit of 
these catalysts. However, increasing the substrate to Ti3 ratio while maintaining the reaction 
concentration established in the catalytic test protocol described in section 5.2.2 was hindered by 
the size of the reaction vial used in these reactions. Therefore, all epoxidation experiments 
reported in Table 23 used the typical amount of solvent, 3-4 mL, with the calculated amount of 
substrate and oxidant. For example, Ti3O2-bb (16) in the table using a 3000 : 1 substrate to Ti3 
site ratio used 98 mg catalyst, ~3 mL cyclohexene, 11 mL cumene peroxide, and 3.3 mL decane.  
The results shown in Table 23 indicate that when the substrate concentration of the 
reaction solution was drastically increased in tandem with a decrease in the peroxide 
concentration (Ti3O2-bb 16-17) the overall kinetics of these test reactions increased in the  
first 10 minutes of the reactions. All TOF’s and initial reaction rates of catalytic test reactions 
described above obtained maximum kinetic rates at 2 min (120 sec) with a leveling off or a slight 
decrease at 5 min (300 sec). However, when testing these limits with a large increase in substrate 
concentration and a decrease in peroxide concentration (Ti3O2-bb 16) both the TOF and initial  
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Table 23: Catalysis results derived from changing the substrate to Ti3 ratio as well as varying the 
peroxide to substrate ratio. All TOF values are min-1 for the listed time period. Initial reaction 




reaction rates plateaued at 5-10 minutes (300-600 sec). The overall results show that these highly 
active catalysts are highly selective in the epoxidation of cyclohexene with a high peroxide 
efficiency and substrate to Ti active site ratios. Typical literature catalysts, under the same 
reaction conditions, take several hours if not days to convert high substrate concentration to the 
target product with high selectivity. 
Finally, the overall peroxide efficiency results indicate that almost one mole equivalence 
of epoxide is produced per mole equivalence of peroxide consumed, as seen n Figure 120. As 
mentioned at the beginning of this chapter, many titanosilicates suffer from peroxide 
decomposition when large excesses are present during catalytic runs explaining why many 
authors use peroxides as the limiting reagent in catalysis. However, it can be seen in Figure 121  
(blue trace) that the peroxide is stable in the presence of catalyst and no substrate during catalytic 
test experiments using the highly active Ti3-based catalysts. 
5.3.2 Determination of Reaction Order and Activation Energy 
When determining reaction rates and activation energies, kinetic data are typically 




Figure 120: Plot of peroxide efficiency during a typical catalytic test reaction. Blue trace is 














Figure 121: Plot of peroxide stability during a typical catalytic test reaction. Blue trace is cumyl 
peroxide consumption, orange trace is cumyl alcohol formation and the grey trace is the total of 
both cumyl species. 
 
 
change appreciably over short time periods.  Capturing kinetic data for the catalysts synthesized 
in this work has been challenging due to the speed and high activity at the beginning of these 
catalytic test runs. However, it is intuitive that one way to speed up or slow down a reaction is to 
adjust the temperature of the reaction. Therefore, catalytic test experiments were performed at 
varying temperatures to determine initial reaction rates, rate constants, order of reactions, and 
activation energy. 
The following experiments were performed with ~60 mg catalyst ( ~0.9 mg Ti) and 
cyclohexene as the substrate at 3 reaction temperatures: 25, 40 and 60 ℃. The typical 
epoxidation protocol was used: 75:1 (substrate to Ti3 site), cumyl peroxide as oxidant at 10:1 
(oxidant : substrate).  The following three plots in Figure 122 and Table 24. reflect the results at 
each temperature.  
As expected, results of these experiments indicate that as temperature decreases the T ½ 
value increases and the TOF’s and initial reaction rates decrease. It is apparent from these results 
that the temperature is a major factor in the rates of chemical reactions.  Unfortunately, 




Figure 122: Kinetic Plots involving the epoxidation of cyclohexene at different reaction 
temperatures: (top) 60 ℃, (middle) 40 ℃, and (bottom) 25℃. 
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Table 24: Tables of catalysis results obtained by varying the reaction temperature for the 
epoxidation of cyclohexene using Ti3O2-bb catalyst. Typical catalytic test reaction protocol: 75:1 




when using the highly active Ti3-based catalysts. Therefore, to maintain the desired high 
selectivity and TOF, a 60 ℃ reaction temperature is optimal for catalytic test experiments.  
As described in section 5.3.2, the substrate concentration is in the rate equation and 
significantly affects the reaction rates. Therefore, plots were generated at each temperature to 
determine the reaction order and rate constants with respect to the substrate, cyclohexene. Figure 
123 (left) shows the results of a 1st order reaction by plotting ln[substrate] vs. time for the first 30 
minutes of a reaction at each temperature. The right side of Figure 123 shows the results of a 2nd 
order reaction plotting 1/[substrate] vs. time. It is obvious when comparing these plots, 1st vs. 2nd 
order, that the 1st order plots appear more linear over time indicating a 1st order reaction with 
respect to cyclohexene.   
One method to determine the rate constant k from first order reactions is to simply apply 
a trendline to the data with the slope of the line representing the rate constant. This method was 
applied at each temperature and subsequently used for determination of the activation energy, 
described next. 
The final step of this kinetics study was to determine the activation energy of the 




Figure 123: Kinetic plots used for the determination of reaction order with respect to substrate 
(cyclohexene) at different temperatures. (left) 1st order kinetic plots of ln[cyclohexene] vs. time 










formula for the temperature dependence of the chemical reaction rate constant, k, which is as 
follows: 
𝑘 𝐴𝑒 /  
Taking the logarithms of both sides gives: 







In these equations, A is a constant for the frequency of particle collision, Ea is the activation 
energy, R is the universal gas constant, and T is temperature (kelvin). 
The slope of a line is defined as: 
𝑦      𝑚      𝑥     𝑏 
Comparing these two equations we determine the slope of the line is .  Therefore, plotting ln 
k versus 1/T for all three temperatures should give a straight line. Evaluating the slope of this line 
will give the activation energy of the reaction. The plot below (Figure 124) reflects these results. 
Finally, the activation energy of reaction is: 
𝐸 51.28 𝑘𝐽/𝑚𝑜𝑙 
5.3.3 Selective Oxidation of Cyclooctene  
 While cyclohexene is a typical bulky substrate for selective oxidation reactions involving 
mesoporous materials, an additional substrate that was explored in this work is the epoxidation 
of cyclooctene. Figure 125 shows the selective oxidation reaction of cyclooctene to cyclooctene 
oxide using cumene peroxide as the oxidant source.  
The catalytic test reactions were performed using the same protocol described at the 
beginning of this chapter for the epoxidation of cyclohexene. All typical ratios of substrate to Ti3 
sites and oxidant to substrate were also used in these reactions. The results of two of these 
catalytic test runs are seen in Table 25.  
The results of these oxidation reactions are parallel to what was observed with 
cyclohexene. The Ti3O2-based catalysts shows very high activity and selectivity to the oxide 

























reaction rates comparable to cyclohexene epoxidation reactions. These results indicate that the 
active sites and mesoporous matrix are suitable for large, bulky substrate and no steric or 
diffusivity issues arise during catalysis. 
5.4 Probing Chemical Robustness of Ti3O2-bb Single-site Catalysts 
 The viability and robustness of the Ti3O2 catalytic ensemble is also important in their use 
as heterogeneous catalysts.  In the context of the singe-site heterogeneous catalysts synthesized 
in this work, chemical robustness is defined as the durability, longevity of activity, and stability 
of the catalytic ensemble 
As described in Chapter 1, two major attributes of heterogeneous catalyst are the ease of 
separation of products from catalyst and recyclability of the catalyst which is desired by industry. 
However, a major challenge in many cases that prevents heterogeneous catalysts from 
application in industry is the leaching of the active metal from the solid material. Each of these 
properties was investigated and described in the following sections. 
5.4.1 Stability (Leaching)  
A vital property of heterogeneous catalysts is the stability of the catalytic ensemble.  
While a catalyst might possess high activity and selectivity during catalytic test reactions, the 
integrity of the active site linked to the support matrix must be preserved. For a material to be 
categorized as a heterogeneous catalyst the metal active site cannot detach from the support 
(leaching). If “leaching” of the active site occurs than it could become a soluble homogeneous 
species leading to several consequences involving the leached component: 1) it becomes an 
active homogeneous catalyst that can contribute to catalytic activity resulting in an inaccurate 
count of the initial active sites present in the material, 2) it becomes an inactive homogeneous 
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Table 25: Catalytic properties of Ti3O2-bb (high activity) single-site titanosilicates synthesized 




catalyst thereby reducing the overall apparent activity of the catalytic test run, and 3) the leached 
component can participate in the formation of undesired byproducts which decreases the 
selectivity of the catalytic test reaction to the targeted product. 
 To learn more about the Ti3O2-bb catalysts synthesized in this thesis, three experiments 
are performed to evaluate the integrity of the titanium catalytic ensemble in the support matrix. 
First, after a catalytic test reaction the solid catalyst is separated from the solution via filtration 
and the filtrate assessed for any further catalytic activity. Second, the filtrate is analyzed for 
titanium content. And third, the solid material removed from the catalytic test reaction is 
analyzed to determine titanium weight percent. 
Leaching Protocol 
 Implementation of the leaching studies involved using a modified catalytic test reaction. 
Initially, the preparation of the test reaction was performed following the procedure described in 
section 5.2.2. The reaction was initiated and the 1, 2, 5 and 10 minute aliquots were obtained 
followed by separation of the solid catalyst from the mother liquor via filtration using a Fisher 
Brand 0.45 μm PTFE membrane syringe filter. The mother liquor was transferred to a clean 
reaction vial with a 10 mm magnetic stir bar. At this point, a 50 μL aliquot was obtained and 
added to a NMR tube followed by 700 μL of CDCl3. The NMR tubes were placed in a Dewar 
containing a dry ice/isopropanol slurry to prevent any further reactions before NMR analysis. 
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The reaction vial is capped and placed back in the oil bath for an additional 60 minutes. Two 
additional aliquots were obtained during this period, 30 and 60 minutes, and characterization of 
all aliquots followed the same protocol described in section 5.2.2.  
 Upon completion of the modified catalytic test reaction, the mother liquor and the filtered 
solid catalyst are transferred to two pre-weighed platinum crucibles. Platinum crucibles are 
utilized in this step as typical ceramic crucibles can contain some titanium and potentially 
contribute to the overall titanium present in the samples. A quantitative transfer was ensured by 
rinsing the reaction vial with acetone and ultrapure water and transferring these washings to the 
crucible. The crucibles were placed on a hot plate and heated to evaporate solvent (~30 min). 
The crucibles were capped and transferred to a box furnace for calcination of organics at 550 ℃ 
for 4 hours.  After calcination, the crucibles are removed, cooled to RT, and a mass was 
obtained. Finally, ~1 mL of concentrated hydrofluoric acid and nitric acid was added to the 
crucible to digest the remaining solid residue. The acid solution is quantitively transferred to a 
pre-weighed 15 mL polypropylene vial and brought to a mass of ~14 g with ultrapure water. 
Both solutions were analyzed via ICP, following the protocol described in section 3.2.5, for 
determination of any titanium present in the samples. 
In the modified catalytic test reaction, 1HNMR characterization of the aliquots obtained 
after the removal of the solid catalyst showed no further conversion to cyclohexene oxide. These 
results support the description that the Ti3O2 catalytic ensemble remained bound to the support 
matrix and the titanosilicate SSHC’s synthesized in this work are true heterogeneous catalysts. If 
any titanium did in fact leach from the support matrix, then it would be assumed that it became 
an inactive species. 
 Final confirmation of any possible leaching of titanium from the catalyst would be 
evident in ICP characterization. The results of the ICP leaching study are shown in Table 26. 
The first two entries in the table used the same catalyst but two different catalytic test reactions. 
ICP analysis determined that the mother liquor separated from the reaction vial showed little to 
no detectable amounts of titanium while the results of the solid catalyst indicated the presence of 
titanium. The first entry in the table shows trace amounts of titanium in the mother liquor which  
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can be attributed to the filtration technique used during separation of the solid from the reaction 
solution. The recycled catalyst ICP results correlate to the solid catalyst separated from the 
reaction solution. It can be seen that the recycled catalyst has a slightly higher weight percent as 
compared to the initial weight percent. This difference can be attributed to the organic ligands 
(carboxylates) being removed during the calcination of the solid material in the leaching study 
causing the Ti wt. % to be artificially high.  These results further support the heterogeneous 
nature of the catalysts synthesized in this work. 
5.4.2 Durability of Catalyst and Longevity of Activity 
 The second major attribute of heterogeneous catalysts is recyclability. The Ti3O2-based 
single-site catalysts synthesized in this work have been proven to be fast, highly active, and 
selective in epoxidation reactions. A true test of the robustness of these catalysts involves 
repeated cycles of catalytic reactions. Typical recyclability experiments are usually performed by 
separating the catalyst from the reaction mixture at the end of a catalytic test run, washing and 
drying, then reloading with reaction components (i.e. solvent, internal standard, substrate, and 
oxidant). A second, more efficient method, is to dose the existing reaction vial (after a catalytic 
test run) with additional reactants (i.e. substrate and oxidant).  
 The typical catalysis results involving the Ti3O2-based catalysts described above show 
that in the absence of any unreacted reactant (substrate or oxidant) no oxidant or product 
decomposition occurs. Therefore, based on these results we opted to perform recyclability 
experiments following the second method. 
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 Three different recyclability experiments are described below. The first two involve 
dosing the reaction mixture with an additional 50 % of the initial amount of cyclohexene. The 
third experiment involved dosing the reaction mixture with an additional 100 % equivalence of 
the starting cumene peroxide. 
Experiment 1: 
The first dose of this experiment is shown in Table 23 (entry 16) and was performed with 
a 3000 : 1 ratio of cyclohexene to Ti3 active site and a 2 : 1 ratio of cumene peroxide to 
cyclohexene ratio. The reaction was allowed to proceed to completion (i.e. all substrate 
converted to product). This was followed by a subsequent second dose of a 1500 : 1 cyclohexene 
to Ti3 site. No additional peroxide was added in the second dose.  Aliquots were taken according 
to the typical catalytic test reaction protocol outlined at the beginning of this chapter.  
The results of this experiment are shown in Figure 126. As it can be seen, upon addition 
of the second dose the reaction proceeded normally apart from a decrease in the rate of substrate 
conversion. This decrease could be attributed to the decrease in concentration of peroxide and 
cyclohexene with respect to the initial 3000 mole equivalences of cyclohexene oxide and cumyl 








Experiment 2:  
This catalytic test reaction was almost identical to the previous experiment except 
performed with substrate ratios of 3300 : 1 and 1650 : 1 (cyclohexene to Ti3 active site). The 
reaction proceeded to in the same manner as Experiment 1 above and gave very similar results, 
as seen in Figure 127. 
Experiment 3: 
The first dose of this experiment is shown in Table 23 (entry 17) and was performed with 
a 150 : 1 ratio of cyclohexene to Ti3 active site and a 0.8 : 1 cumene peroxide to cyclohexene 
ratio. The reaction was allowed to proceed to completion (i.e. all substrate converted to product) 
when a subsequent second dose of 0.8 : 1 cumene peroxide to cyclohexene ratio was added to the 
reaction vial. No additional cyclohexene was added in the second dose. Aliquots were taken 
according to the typical catalytic test reaction protocol outlined at the beginning of this chapter. 
The results of this experiment are shown in Figure 128. As it can be seen, upon addition 
of the second dose of peroxide the reaction proceeded normally apart from a decrease in the rate 
of substrate conversion. As in the previous experiments, this decrease could be attributed to the 
decrease in overall concentrations with respect to ~60% of the 150 equivalences of cyclohexene 
oxide and cumyl alcohol present in the first dose. The only difference between this experiment 














The first dose of this experiment was performed with a 75 : 1 ratio of cyclohexene to Ti3 
active site and a 0.8 : 1 cumene peroxide to cyclohexene ratio. The reaction was allowed to 
proceed for 90 minutes when a subsequent second dose of 75 : 1 ratio of cyclohexene to Ti3 
active site and 10 : 1 cumene peroxide to cyclohexene ratio (typical catalytic test reaction 
protocol) was added to the reaction vial. Aliquots for the first two doses were taken according to 
the typical catalytic test reaction protocol. After the last aliquot was collected from the second 
dose (T=90 min of second dose), a third dose of 7500 : 1 ratio of cyclohexene to Ti3 active site 
and 0.8 : 1 cumene peroxide to cyclohexene ratio was added to the reaction vial. One aliquot was 
obtained at T=140 min and a second aliquot collected at T=5880 min. 
The results of this experiment are shown in Figure 129. As can be seen, the first dose of 
the experiment, using peroxide as the limiting reagent, resulted in ~70 percent conversion after 




Figure 129: Kinetic plot of a three-dose catalytic test reaction using cyclohexene and cumene 
peroxide at 60 ℃. 
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very similar to a normal catalytic test run (i.e. T½ = 12 minutes and 87 percent conversion at 30 
minutes). The third dose of 7500 equivalences of cyclohexene and 0.8 equivalences of peroxide 
resulted in ~80 percent conversion after 5880 minutes (~4 days). It should be noted however that 
at 140 minutes into this third dose almost 3000 equivalences of the initial 7500 were converted to 
product. Throughout the duration of the catalytic test reaction, the selectivity to the targeted 
product (cyclohexene oxide) remained > 90 %.  
5.4.3 Summary of the Chemical Robustness of Ti3O2-bb Single-site Catalysts 
 The highly active single-site Ti3O2-based heterogeneous catalysts synthesized in this 
work have been shown to possess great chemical robustness during catalytic test runs in the 
epoxidation of cyclohexene to cyclohexene oxide. With respect to the stability of the titanium 
catalytic ensemble, leaching studies revealed that 100% of the titanium remained on the support 
in the final catalysts. Additionally, experiments performed to determine the durability and 
longevity of catalytic activity provide clear evidence that the titanium active sites remain highly 
active and retain their high selectivity toward the desired epoxide product even after several 
additional doses of substrate and/or oxidant. The absence of active site leaching and the overall 
chemical robustness of these single-site titanosilicates provide compelling evidence supporting 
the claim that the Ti3O2-based catalysts synthesized in this work are true robust heterogeneous 
catalysts. 
5.5 General Catalysis Conclusion 
` Single site, site isolated, trinuclear titanosilicate catalysts with targeted connectivities 
have been synthesized and employed for the selective epoxidation of cyclohexene to 
cyclohexene oxide with cumene peroxide. Extremely high activity and selectivity to the targeted 
product have been observed. The catalytic activity of the SSHC’s synthesized in this work are 
40-50 times greater than the well-known SSHC TS-1 under the reaction conditions described in 
this work. The rates of reaction at varying olefin concentrations indicate that the epoxidation 
reaction proceeds as a 1st order reaction with respect to cyclohexene. The turn-over frequencies 
and T½ empirical values reflect high activity with 50% of starting material converted to the 
targeted product within the first 8 minutes (on average, ±5) of the reaction. When assessing 
TOF’s and initial rates of reaction with respect to oxidant ratios, it has been determined that an 
efficient peroxide to substrate ratio is ~1:1. It should be noted however, that the percent 
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conversion and TOF increase linearly with increased peroxide to substrate ratios with no loss of 
product or oxidant decomposition. Additionally, the catalytic test reactions using the typical 
protocol yielded turnover numbers < 3000 with turn-over frequency’s in the 90 to 95 min-1 range, 
with respect to oxide formation. Finally, the very high selectivity to the targeted product, 
cyclohexene oxide, supports our claim of a true single-site heterogeneous catalyst. 
 The amorphous mesoporous structure of these titanosilicates does not limit the substrate 
applicable for epoxidation reactions. Investigations into the oxidation of cyclooctene revealed 
that the pore structure of the support matrix, together with a bulky oxidant like cumene peroxide, 
does not inhibit the diffusion of substrate to and product from the active site. The activity and 
selectivity of the oxidation of cyclooctene mirrors catalytic test reactions involving cyclohexene 
and cumene peroxide. Coupling these observations with a pore size distribution of ~2 nm 
suggests that the limit to the size of the bulky substrate has not yet been met.  
 The chemical robustness of the Ti3O2-based catalysts was investigated. Upon removal of 
the solid catalyst during catalytic test runs, per 1HNMR, no further conversion to the targeted 
product was observed in the mother liquor. Furthermore, ICP analysis indicates that all titanium 
remained in the solid catalyst consistent with no leaching of titanium during catalysis. The true 
test of the robustness of the catalysts synthesized in this work involved increasing the ratio of 
substrate to Ti3 active site as well as the addition of multiple doses of reactants. The catalytic test 
reactions exhibit an increase in all kinetic properties (TOF, T½ value (decrease), and initial rate 
of reaction) with a TON limit of ~7650 equivalences of substrate to Ti3 site. Modification of 
catalytic test parameters would be necessary to further scale up these types of experiments.  
 The targeted synthesis and detailed characterization of catalytic activity of a true single-
site heterogeneous catalyst allows one the chance of obtaining activation energies of reactions. 
Extrapolating kinetic date from catalytic test reactions performed at varying temperatures 
enables the determination of activation energies using the Arrhenius equation. The proposed 
mechanism for a fully embedded mononuclear tetrahedral Ti4+ active site in epoxidation 
reactions, as reported in literature, involves the high energy bond breaking of the Ti-O-Si bond 
simultaneously with the complexation of peroxide to the titanium active site. The single-site 
Ti3O2-based catalysts synthesized in this work contain 5- and 6- coordinate titanium centers 
which likely leads to a different mechanism all together. It is our hypothesis that this mechanism 
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occurs through a lower-energy pathway involving the deprotonation of peroxide by bridging 
carboxylate and/or oxo ligands during peroxide’s complexation to the titanium active site. 
Taking into account the speed and high activity of the catalysts synthesized here, catalytic test 
experiments were successful in capturing rate constants at varying temperatures to determine an 
activation energy of 51.28 kJ/mol for the epoxidation of cyclohexene to cyclohexene oxide with 








Chapter 6: Research Conclusions and Future Work 
6.1 Conclusions 
This dissertation presents the preparation, characterization, and catalytic applications of a 
novel trinuclear single-site heterogeneous catalyst (SSHC). The addition of a polynuclear 
titanosilicate into the Barnes group family of SSHC’s brings together the targeted local 
environment of metal active sites with different nuclearities using the building block approach 
and the method of sequential additions synthetic protocol. The local environment explored in this 
work includes the coordination geometry of titanium and the connectivity of the catalytic 
ensemble to the support matrix. While some authors have previously suggested that polynuclear 
titanosilicates would not perform well in catalytic epoxidation reactions, the SSHC’s prepared in 
thus work demonstrated their ability to be highly active for the selective oxidation of 
cyclohexene to cyclohexene oxide while remaining active for several thousand turnovers. 
6.1.1 Single-Site Titanosilicate Catalyst with Targeted Connectivities 
 The chemical industry is constantly seeking innovative approaches to produce a material 
that offers high activity and selectivity all the while maintaining process efficiency in catalytic 
systems. The development of a synthetic protocol to produce a heterogeneous catalyst with a 
highly dispersed single type of site has been a long-standing challenge to the catalysis 
community. The synthetic methodology described here allows a variety of titanium containing 
precursors to be introduced into porous, high surface area matrices while maintaining an 
identical local environment around the active sites. 
To this end, the synthesis of the trinuclear single-site heterogeneous catalyst is dependent 
on octatrimethyltin silsesquioxane building block and the method of sequential additions to embed 
the catalyst ensembles in the support matrix. The connectivity of the active site is set in the first 
dose of the sequential dose strategy yielding a known number of linkages (connectivity) to the 
silica support. Once the titanium active site is set in the matrix, the oligomers formed in the first 
dose are crosslinked with Me2SiCl2 linking agent, further growing the matrix around the catalytic 
ensembles. The final material exhibits high surface area around the embedded active sites with the 
local environment of the catalytic ensemble remaining unchanged during the formation of the final 
robust support matrix.  Preserving the local environment around the catalyst ensemble enables the 
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titanosilicate catalysts synthesized here to maintain only one type of active site meeting the single-
site criterion.  
The synthesis of the trinuclear titanosilicate catalyst described in this work is more 
complicated than their mononuclear counterparts. One of the benefits of using the tin-
functionalized spherosilicate building block was the well-behaved metathesis reaction involving 
select metal chlorides to form the Si-O-M linkages to the support matrix. The only volatile 
byproduct observed in these reactions was trimethyltin chloride. However, when the Ti3O2Cl3-
cluster is used as the active metal precursor reaction with the tin-cube, produces two new volatile 
byproducts: trimethyltin ester formed from the original carboxylate ligands and tetramethyltin. In 
an attempt to gain a better understanding of these metathesis reactions, a Ti3O2-POSS analogue 
was synthesized. The synthesis of this analogue conclusively showed that no trimethyltin ester or 
tetramethyltin was formed in this reaction and that a nearby Me3Sn group is necessary for their 
formation. Considering both these new byproducts are formed in the same step of the synthesis, it 
is our conclusion that their formations are correlated. The formation of the trimethyltin ester seems 
to be analogous to the ester formation via other non-hydrolytic sol-gel reactions, although whether 
its appearance as a byproduct is due to sterics or electronics is still not completely understood. In 
the case of tetramethyltin, it was determined that significant amounts of tetramethyltin was formed, 
in the absence of trimethyltin chloride, during the high temperature solid state sublimation step of 
the first crosslinking step in the synthesis. Its formation is hypothesized to be catalyzed by the 
Lewis acidic titanium centers after the elimination of the trimethyltin ester.  
 A variety of characterization techniques were employed to understand the reactions 
occurring in the two steps described above and identify the constituents of the local environment 
around the Ti3O2 active site. While no one technique provided all the answers, DRUV and XAS 
conclusively showed that the titanium atoms in the Ti3O2-core contain higher coordination 
geometries, i.e. 5- and 6-coordinate centers, with EXAFS results clearly supporting the existence 
of a single type of trinuclear core. IR spectroscopy confirmed the formation of the Ti-O-Si 




6.1.2 Catalytic Properties 
 The catalytic properties of the single-site Ti3O2-bb catalysts were investigated for the 
epoxidation of cyclohexene.  The results of catalytic test reactions show that these single-site 
catalysts are extremely active in the selective oxidation of cyclohexene to cyclohexene oxide 
using cumene peroxide. Investigations into changing the substrate to cyclooctene resulted in 
similar results indicating that the mesoporous trinuclear titanium catalysts synthesized in this 
work are capable of the selective oxidation of bulky substrates that have previously limited other 
titanosilicates. The high selectivity to the targeted product and impressive chemical robustness of 
these materials makes these trinuclear single-site titanosilicate catalysts superior to their 
mononuclear counterparts. 
6.1.3 Structure-Function Relationship  
 The family of single-site mononuclear catalysts previously synthesized in the Barnes 
group have established a relationship between the structure of titanium active sites in a silicate 
support matrix and their catalytic properties.  The synthetic methodology involving the building 
block approach and method of sequential additions allows for titanium precursors with different 
nuclearities to be embedded in the silica matrix with targeted connectivities at the atomic level. 
This structure-function relationship is extended to the trinuclear single-site catalysts synthesized 
in this work. The highly active Ti3O2-based catalysts were synthesized with a well-defined 
number of connections to the silica building block matrix allowing for their active sites to be 
studied and compared to mononuclear single-site titanosilicates.  
The Ti3O2 core in the catalysts synthesized in this work contain bridging carboxylate and 
oxo ligands between titanium centers which provides a low-energy pathway for peroxide 
complexation as compared to the high energy bond breaking of the Ti-O-Si linkages. The 
bonding/unbonding of these ligands during catalysis creates a long-lived, robust catalyst capable 
of yielding turnover numbers over 7500 with turn-over frequencies ~95 min-1 and initial reaction 
rates as high as 9.0 x 10-4 M s-1, with respect to oxide formation. The preferred range of reaction 
rates for industrial catalysts has been reported to be 10-5 - 10-6 mol mL-1 s-1 [126]. The high 
activity catalysts synthesized here have initial reaction rates of ~ 0.9 x 10-6 mol mL-1 s-1 making 
them ideal catalysts for industrial applications. 
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The structure of the Ti3O2 core was well characterized spectroscopically with catalytic 
properties exhibiting superior results as compared to previous mononuclear single-site 
titanosilicate catalysts. The EXAFS structural models indicate that the Ti3O2-bb high-activity 
catalyst contains identical active sites which is also supported by the very high selectivity to the 
targeted product during catalysis. Both these points support the notion that the structure of the 
active site in the highly active Ti3O2-based catalysts synthesized in this work satisfies the single-
site criteria. Finally, the novel functionality of these Ti3O2-based catalysts during catalysis 
provides a potentially new reaction mechanism for the selective oxidation of cyclohexene to 
cyclohexene oxide. 
6.2 Future Work 
6.2.1 Epoxidation of Bulky Substrates  
 Titanosilicates have been extensively studied as selective oxidation catalysts with the 
well-known TS-1 zeolitic catalyst leading the chemical industry. As described in chapter 2, TS-1 
is capable of performing a variety of oxidation reactions with high selectivity but is limited to 
small molecules due to its microporous framework. However, the single-site Ti3O2 based 
catalysts synthesized in this work possess the mesoporosity needed to selectively catalyze bulky 
substrates. Therefore, to probe the capabilities of these catalysts for selective epoxidation 
reactions, investigations into a range of large molecules is necessary. Cyclohexene is the 
stereotypical substrate used in many catalytic test reactions with styrene, norbornene, and 
cyclododecene commonly used as probe molecules, as seen in Figure 130.  
6.2.2 Alternate Polynuclear Catalytic Ensembles 
 The synthetic methodology described in this thesis has been shown to be effective in 
developing mononuclear and trinuclear single-site titanosilicate catalysts. This synthetic 
approach can be extended to different polynuclear titanium precursors to further study the 
structure-function relationship with regards to nuclearity and catalytic properties. Figure 131 
illustrates two potential polynuclear titanium precursors, the dinuclear Ti2OCl4 complex and the 
tetranuclear Ti4O2Cl6 complex. Developing a single-site titanosilicate catalyst with either of 
these two precursors would provide insight into the structure-function relationship by comparing 
the size of the embedded polynuclear catalytic ensembles as well as the number of connections 




Figure 130: Several bulky probe molecules for selective epoxidation reactions. 
 
6.2.3 Molecular Modeling 
In recent years, researchers have developed a number of synthetic strategies to produce 
an optimal SSHC by modifying both the structure and electronics of the active site. With current 
advances in computer functionality, computational modeling and molecular dynamics have 
become possible for systems with hundreds if not thousands of atoms with acceptable accuracy. 
Many computational methods have brought greater understanding to the scientific community 
involving heterogeneous catalysts, such as, estimation of total energies leading to the 
determination of the structure and electronics at the active site as well as the ability to identify 
adsorption sites and their energies[127], just to name a few. Applying these methods to the 
Ti3O2-based catalysts presented in this work could ultimately bring greater insight into metal 
oxides and chemisorption interactions with adsorbates. 
6.3 Impact on the Chemical Industry 
Catalysis has become one of the more important fields in the chemical industry. 
Worldwide, researchers are exploring simpler and greener approaches in catalyst preparations 
resulting in more efficient and selective materials while minimizing the harsh synthetic 
conditions and byproducts.  Today, most chemical processes contain at least one catalytic step 
with a large percentage of these being performed by heterogeneous catalysts.  
Therefore, the chemical industry is in need of a synthetic methodology that can produce a 
heterogeneous single-site catalyst which can economically and selectively produce large amounts 
of useful commodity chemicals. The building block approach and method of sequential dosing 
strategy described in this thesis is such a synthetic methodology. A variety of active linking 
agents, mononuclear or polynuclear, are applicable during this mild synthesis opening the door 
to a multitude of different selective oxidation reactions that can be performed with the 
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heterogeneous single-site catalysts synthesized using this methodology. TS-1 is a well-known 
and versatile single-site heterogeneous catalyst for selective oxidation reactions, however its 
microporosity limits its substrate range during catalysis. The versatility of the building block 
methodology described here can launch these trinuclear single-site catalysts into the same realm 
as TS-1, but more active and significantly faster with the additional benefit of catalyzing bulkier 
substrate due to the mesostructured silica support of these materials. As the global need for more 
sustainable technologies and feedstocks increases, heterogeneous catalysts will emerge as a 




Figure 131: Illustration of two polynuclear titanium precursors, (right) dinuclear Ti2OCl4 
complex, and (left) the tetranuclear Ti4O2Cl6 complex. The titanium atoms are yellow, oxygen in 
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FEFF for Ti3O2-POSS EXAFS modeling 
 
 TITLE Ti3-POSS-3conn-core 
 
 HOLE      1   1.0   * FYI: (Ti K edge @ 4966 eV, 2nd number is S0^2) 
 
 *         mphase,mpath,mfeff,mchi 
 CONTROL   1      1     1     1 
 PRINT     1      0     0     0 
 
 RMAX      5.0 
 *NLEG      4 
 
 POTENTIALS 
 *    ipot   Z  element 
     0     22     Ti         
     1     22     Ti         
     2     14     Si        
     3       8      O          
     4       6      C          
 ATOMS 
*     x                y                 z                ipot  tag 
 2.0343000000      1.2761000000     -0.5253000000       1 Ti3 
 0.3009000000     -1.7338000000      0.2586000000       1 Ti2 
-1.3859000000      0.3439000000     -0.8992000000       0 Ti1 
 4.7300000000      3.4181000000     -0.7418000000       2 Si3 
-0.0033000000     -4.7352000000      1.9102000000       2 Si2 
-4.6868000000      1.1499000000     -1.4061000000       2 Si1 
-0.5795000000     -4.4484000000      3.4065000000       3 O24 
 0.9539000000     -0.8857000000      1.9734000000       3 O23 
 2.4343000000      0.6770000000      1.3742000000       3 O22 
 5.9274000000      2.9937000000      0.2805000000       3 O21 
 4.3123000000      4.9654000000     -0.4307000000       3 O20 
 0.8167000000      2.6144000000      0.3965000000       3 O19 
-1.2624000000      1.7997000000      0.4938000000       3 O18 
 1.4500000000     -5.4652000000      2.0398000000       3 O17 
 3.4645000000      2.4531000000     -0.5405000000       3 O16 
 0.1323000000     -3.3611000000      1.0896000000       3 O15 
-1.4069000000     -1.0994000000      0.2233000000       3     O14 
-4.8765000000      2.7232000000     -1.0154000000       3     O13 
 0.5896000000      0.0617000000     -0.6190000000       3     O12 
-1.0242000000     -5.7371000000      1.1295000000       3     O11 
 2.3303000000     -2.0371000000     -0.2186000000       3     O10 
-5.6536000000      0.2536000000     -0.4525000000       3     O9 
 5.2835000000      3.3187000000     -2.2731000000       3     O8 
 3.1949000000     -0.2067000000     -1.1707000000       3     O7 
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-3.1587000000      0.7038000000     -1.1899000000       3     O6 
 1.4526000000      1.9676000000     -2.2986000000       3     O5 
-0.7739000000      1.7719000000     -2.3078000000       3     O4 
 0.0470000000     -2.5060000000     -1.6139000000       3   O3 
-1.2402000000     -0.9122000000     -2.5005000000       3    O2 
-5.1225000000      0.9345000000     -2.9612000000       3     O1 
 2.2481000000      0.1336000000      3.6655000000       4 C10 
-0.6953000000      3.5734000000      1.9412000000       4 C9 
 1.8512000000     -0.0358000000      2.2449000000       4 C8 
-0.3590000000      2.5982000000      0.8728000000       4 C7 
 3.1875000000     -1.4623000000     -0.9318000000       4 C6 
 4.2822000000     -2.2714000000     -1.5313000000       4 C5 
 0.3079000000      2.1117000000     -2.8454000000       4 C4 
-0.6059000000     -2.0052000000     -2.5774000000       4 C3 
 0.2725000000      2.7403000000     -4.1923000000       4 C2 












EXAFS modeling parameters and results for the Ti3O2-bb high activity catalyst using the 





EXAFS modeling parameters and results with carbon contribution from the neutral ligand THF 
coordinated to the Ti3O2-bb highly active catalyst containing one 6-coordinate and two 5-







EXAFS modeling parameters and results for a Ti3O2-bb low activity catalyst using the fractional 





EXAFS modeling parameters and results for the Ti3O2-bb low activity catalyst above and 




EXAFS modeling parameters and results for an additional Ti3O2-bb low activity catalyst using 
the fractional population method. This model also contains three 5-coordinate titanium centers 




EXAFS modeling parameters and results similar to the above Ti3O2-bb low activity catalyst and 




EXAFS modeling parameters and results for a final Ti3O2-bb low activity catalyst using the 
fractional population method. The model consists of three 5-coordinate titanium centers and does 




EXAFS modeling parameters and results the Ti3O2-bb low activity catalyst shown above and 
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